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Functional impairment of the bonemarrow (BM) niche has been suggested as a

major reason for prolonged cytopenia and secondary graft failure after

allogeneic hematopoietic cell transplantation (alloHCT). Because

mesenchymal stromal cells (MSCs) serve as multipotent progenitors for

several niche components in the BM, they might play a key role in this

process. We used collagenase digested trephine biopsies to directly quantify

MSCs in 73 patients before (n = 18) and/or after alloHCT (n = 65). For the first

time, we demonstrate that acute graft-versus-host disease (aGvHD, n = 39) is

associated with a significant decrease in MSC numbers. MSC reduction can be

observed even before the clinical onset of aGvHD (n = 10). Assessing MSCs

instantly after biopsy collection revealed phenotypic and functional differences

depending on the occurrence of aGvHD. These differences vanished during ex

vivo expansion. The MSC endotypes observed revealed an enhanced

population of donor-derived classical dendritic cells type 1 and alloreactive T
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cells as the causing agent for compartmental inflammation and MSC damage

before clinical onset of aGvHD was ascertained. In conclusion, MSCs

endotypes may constitute a predisposing conductor of alloreactivity after

alloHCT preceding the clinical diagnosis of aGvHD.
KEYWORDS

mesenchymal stromal cells, allogeneic hematopoietic stem cell transplantation,
graft-versus-host-disease, alloreactivity, bone marrow niche
Introduction

Allogeneic hematopoietic cell transplantation (alloHCT) has

emerged as a powerful treatment option for various

hematological indications. Nevertheless, its success is

hampered by a considerable risk for life threatening infections

and an allogeneic destruction of non-malignant recipient tissues

by donor immune cells, termed graft-versus-host disease

(GvHD) (1). Large clinical studies have identified GvHD as an

independent risk factor for a delayed lymphatic recovery and a

secondary failure of platelet recovery (2, 3). Moreover, a low

platelet count was recognized as an independent risk factor in

patients with GvHD (4, 5). Because hematopoietic stem cells

(HSC) and its progeny are donor-derived, ineffective

hematopoiesis as consequence of a direct immunological

attack by donor immune cells appears to be unlikely. In this

respect, a low platelet count might represent a more

fundamental deregulation of the bone marrow’s (BM)

homeostasis (5). In contrast, BM stromal cells (BMSC) remain

recipient-derived and therefore may constitute the fundamental

basis for alloreactivity. BMSC entail a heterogeneous population

including endothelial cells (ECs), osteoblasts, fat cells, CXCL12

abundant reticular cells, and mesenchymal (stem) stromal cells

(MSCs), which have been described to contribute to the

hematopoietic niche (HPN) (6).

When estimated in BM aspirates of GvHD patients, BMSC

quantities were reported in relation to either total nucleated cells

(TNC) or CD45+ cells (6, 7). These results are systematically

biased owing to the absolute number of hematopoietic cells

predominant within the BM which is supposed to be reduced in

GvHD compared to non-GvHD patients (8, 9) Furthermore, BM

aspirates bear the risk of admixture of peripheral blood and do not

completely cover all types of BMSC in the original composition.

To date, only a few clinical studies addressed the question

how and to what extent BMSC are affected by GvHD based on

BM sections: Mensen et al. observed increased numbers of BM-
02
infiltrating T cells and reduced numbers of osteoblasts in

patients with delayed B cell lymphopoiesis and aGvHD (10). It

needs to be noted that the patient stratification in this specific

study had been done according to B cell numbers obtained

around day 90 after alloHCT, whereas BM sections had been

obtained already 3–4 weeks after alloHCT. Time point of GvHD

diagnosis as well as treatment have not been reported. In

contrast, Shono et al. only observed a reduction of osteoblasts

and B cells in patients with extensive chronic GvHD but not in

the early phase after alloHCT (11). Medinger et al. focused on

nestin+ perivascular niches. They reported a diminution of

nestin+ cells during aGvHD, which returned to baseline after

aGvHD had resolved (12). Unexpectedly, also an increased

microvessel density in patients with aGvHD was oberved in

this study, which is contradictory to several other studies

reporting an EC damage related to GvHD (7, 12, 13). In

conclusion, there are still uncertainties according to BMSC

quantities that might be partly explained by methodological

issues, focus on different types of BMSC, patient stratification

and especially time point of BM examination in relation to

clinical onset of GvHD, which was not consistently reported.

Since MSCs give rise to several other non-hematopoietic

cells they serve as key players for HPN functions. Herein, we

have used our recently published method for the isolation of

MSCs from trephine biopsies. In brief, biopsies were collagenase

digested at 37°C for 90 min (14). Using this approach we

determined MSC quantities for the first time independent of

BM cellularity in patients before and after alloHCT, without

GvHD or in relation to clinical diagnosis of aGvHD (according

to Harris et al.) (15). In addition to functional characterization of

in vitro expanded MSC, directly isolated MSCs were studied

without prior ex vivo expansion via multicolor flow cytometry

(MFC). Using MFC for immune cell phenotyping, analysis of

BM-infiltrating immune cells was undertaken to foster our

understanding of the MSC-immune cel l landscape

concerning GvHD.
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Results

Mesenchymal stromal cell quantity and
size of fibroblastic colony-forming units
coincide with moderate to severe acute
graft-versus-host-disease

Samples from patients before or after alloHCT were

obtained. A detailed list of the patient’s characteristics is

shown in Table 1. Patients after alloHCT were stratified

according to the occurrence of aGvHD: 1) samples from

patients who have never experienced aGvHD ≥ °II and 2)

samples obtained prior to aGvHD ≥ °II onset, 3) during active

phase of aGvHD ≥ °II, or 4) at least 30 days after last
Frontiers in Immunology 03
documentation of aGvHD ≥ °II (associated with a tapering of

immunosuppressive therapy) (Figure 1A). Onset of aGvHD was

defined as the day when symptoms of aGvHD ≥ °II were

documented for the first time. GvHD severity was assessed

and graded clinically according to Harris et al. (citation) (15).

CFU-F capacity per milligram biopsy was significantly

reduced after alloHCT (P < 0.05), especially in association

with aGvHD (aGvHD ≥ °II versus aGvHD ≤ °I: P < 0.0001).

Interestingly, this reduction had already occurred before aGvHD

diagnosis (before aGvHD ≥ °II onset versus aGvHD ≤ °I: P <

0.001) (Figure 1B). In contrast, other typical MSC assessments in

relation to cellularity (#CFU-F/TNC, CD45-CD271+/CD45+,

and immunohistological quantification, i.e. %CD271+ of

cellularized area) are systematically biased owing to the
TABLE 1 Patient characteristics.

All patients n = 73

Age [y] median (range) 58.9 (19.0 - 75.1)

Sex female/male [n] (%) 22/51 (30.1/69.9)

Disease AML [n] (%) 46 (63.0)

MDS [n] (%) 15 (20.5)

ALL [n] (%) 4 (5.5)

MPN [n] (%) 4 (5.5)

NHL [n] (%) 4 (5.5)

Patients with BM samples after alloHCT [n] (%) 60 (82.2)

Conditioning RIC/MAC [n] (%) 42/18 (70.0/30.0)

TBI ≥ 8 Gy [n] (%) 8 (13.3)

Graft BM/PBSC [n] (%) 2/58 (3.3/96.7)

CD34+ [106/kg] median (range) 7.2 (1.7 - 16.5)

Donor MSD [n] (%) 7 (11.7)

MUD [n] (%) 40 (66.7)

MMUD [n] (%) 9 (15.0)

haplo [n] (%) 3 (5.0)

CMV (donor/recipient) −/− [n] (%) 18 (30.0)

−/+ [n] (%) 15 (25.0)

+/+ [n] (%) 21 (35.0)

+/− [n] (%) 6 (10.0)

GvHD prophylaxis MTX + CSA/Tacro [n] (%) 49 (81.7)

other [n] (%) 11 (18.3)

+ATG [n] (%) 23 (38.3)

Patients with aGvHD [n] (% of patients after alloHCT) 46 (76.7)

aGvHD severity °I [n] (%) 11 (23.9)

°II [n] (%) 20 (43.5)

°III [n] (%) 9 (19.6)

°IV [n] (%) 6 (13.0)
aGvHD, acute graft-versus-host-disease; AL, acute leukemia; ALL, acute lymphatic leukemia; alloHCT, allogeneic hematopoietic stem cell transplantation; AML, acute myeloid leukemia;
ATG, anti-thymocyte globulin; BME, bone marrow examination; CMV, cytomegalovirus; CSA, cyclosporine A; Gy, Gray; kg, kilogram; haplo, haploidentical; MAC, myeloablative
conditioning; MDS; myelodysplastic syndrome; MMUD; mismatched unrelated donor; MPN, myeloproliferative neoplasm; MSD, matched sibling donor; MTX, methotrexate; NHL, non-
Hodgkin lymphoma; PBSC, peripheral blood stem cells; RIC, reduced intensity conditioning; Tacro, tacrolimus; TBI, total body irradiation; y, year.
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A

B

C

FIGURE 1

Quantity of mesenchymal stromal cells and their size of fibroblastic colony-forming units coincide with moderate to severe acute graft-versus-
host-disease. (A) Study design: trephine biopsy specimens were obtained from routine diagnostics. After collagenase digestion, cells were seeded
for CFU-F assay or stained to identify CD45-CD271+ cells using MFC, after gating on PI−CD235a− single cells. Trephine biopsies from routine
diagnostics were also used for immunohistological staining and calculation of CD271+ area (black arrows) related to total cellularized area. (B) CFU-
F capacity related to the trephine biopsy’s weight and related to TNC, freshly isolated uncultured MSCs defined as PI−CD235a−CD45−CD271+ related
to non-erythroid hematopoietic cells defined by PI−CD235a−CD45+ and quantification of MSCs using immunohistochemistry are shown. (C) The
proportion of small colonies (≤1 mm) in CFU-F assays derived from MSC P0, population doubling time of MSC P1, the percentage of adipogenic
different sites of MSC P2 layers, the osteogenic inducibility of MSC P2 layers (units of alkaline phosphatase of differentiated wells related to
undifferentiated controls) and the immunomodulatory capacity of MSC P2 (T cell proliferation in cocultures with irradiated MSC P2 related to
monocultures after anti-CD3/CD28 bead activation) are illustrated. The graphs show individual values with median and interquartile ranges. The
Mann-Whitney U-tests were used for statistical analyses. n, number; *P < 0.05, **P < 0.01, ***P < 0.001.
Frontiers in Immunology frontiersin.org04
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differing number of hematopoietic cells within the tissue samples

and therefore incapable of reliably detecting changes of MSC

quantities (Figure 1B). Only a slight and non-significant

decrease in cellularity-dependent MSC numbers could be

observed in samples taken before aGvHD which vanished

during active aGvHD (Figure 1B).

As expected, the cohorts differed significantly in the time

from alloHCT to BM sampling (median (min –max), aGvHD ≤

°I: 104 (20 – 800); before aGvHD ≥ °II onset: 71 (27 – 154); active

aGvHD ≥ °II: 87 (29 – 230); aGvHD ≥ °II recovery: 334 (71 –

749)), which might have influenced the BM’s capacity for

stromal regeneration. Furthermore, aGvHD-associated

myelosuppression might have occurred without clinically

evident aGvHD. However, in a multivariable analysis

encompassing the variables time from alloHCT, platelet count,

BM cellularity, and occurrence of aGvHD ≥ °II, only the

appearance of aGvHD was significantly associated with

reduction in MSC numbers (P < 0.001) (Table 2). When

colonies of the CFU-F assay were categorized according to

their size (≤ 1mm versus > 1mm), we observed a significantly

higher proportion of small colonies before aGvHD onset

compared with aGvHD ≤ °I (P < 0.01). This effect was

attenuated after the onset of aGvHD (Figure 1C) and could

also be seen in aspirates (Figure S2). However, MSCs in the first

passage (P1) showed no differences in growth kinetics

(Figure 1C). In passage 2 (P2), we observed a proclivity for a

reduced adipogenic inducibility in patients after alloHCT

(Figure 1C). There were neither differences in osteogenic

inducibility nor immune-modulatory capacity in P2

(Figure 1C). We conclude that MSC numbers are significantly

reduced in patients with aGvHD and that this decline is already

detectable before the clinical appearance of aGvHD symptoms.
Phenotypic characterization of
uncultured mesenchymal stromal cells

The changes pertaining to MSCs following alloHCT led us to

investigate if MSCs can acquire different endotypes within the

HPN that accrue to and orchestrate such changes culminating in

aGvHD. Using MFC, several endotypes of uncultured MSCs

(PI−CD235a−CD45−CD271+) could be identified within a
Frontiers in Immunology 05
CD90+ and a CD90− fraction. CD271 is considered to be a

pan-MSC marker (15, 16), whereas CD146 and CD90 only

capture a fraction of the pan-MSC population. Consequently,

isolated MSCs could be divided into three endotypes

(Figure 2A): a double negative (DN: CD90-CD146-), a single

positive (SP: CD90+CD146−), and a double positive endotype

(DP: CD90+CD146+). We observed a trend toward less frequent

expression of CD90 and CD146 in patients with active aGvHD ≥

°II (Figure 2A). We could not observe CD106 expression on

biopsy-derived MSCs, an observation we attribute to the process

of collagenase digestion (17, 18). Therefore, analysis of CD106

expression was restricted to MSC derived from BM aspirates.

CD106 was found to be exclusively expressed within the CD90+

MSC endotype (Figure 2B). CD106 expression was significantly

elevated in patients after alloHCT with aGvHD ≤ °I in both SP

MSCs (CD90+CD146-) and DP MSCs (CD90+CD146+)

endotypes alike (P < 0.05 for each comparison). Strikingly,

CD106 expression was significantly downregulated on SP and

DP MSC endotypes in patients with aGvHD ≥ °II (Figure 2B).

Therefore, we suggest that differently expressed VCAM1 on

MSC endotypes may propagate compartmental inflammation.

We suggest that VCAM1 may act as an immunological

activation signal.
Functional in vitro characterization of
mesenchymal stromal cells relating to
homeostatic functions within the
hematopoietic niche

To assess the impact of recipient MSC endotypes following

alloHCT and in relation to aGvHD, abilities to support HSC

function in vitro were tested by cobblestone-area forming cell

(CAFC) test and subsequent colony-forming cell (CFC) assays.

We compared MSCs from samples (i) before alloHCT, (ii) after

alloHCT without aGvHD ≥ °II, and (iii) after alloHCT with

aGvHD ≥ °II. Total area of cobblestones was determined after 1,

2, and 3 weeks. At 3 weeks, there was a significantly higher

activity of cobblestone formation using MSCs from before

alloHCT versus after alloHCT (P < 0.05) (Figure 3A). At 2

weeks, CD45+CD34− and CD45+CD34+ were quantified using

MFC. There were significantly more mature, i.e., CD34−CD45+
TABLE 2 Multiple linear regression analysis of CFU-F/mg.

Estimate (95% CI) p-value

(Intercept) 3.982 (2.322 - 6.472) 0.000

Time from alloHCT [d] -0.001 (-0.002 - 0.001) 0.342

Platelet count [Gpt/L] 0.001 (-0.003 - 0.004) 0.743

Cellularity (category: not reduced) 0.406 (-0.188 - 1.434) 0.219

aGvHD (category: aGvHD ≤ °I) 1.945 (0.707 - 4.082) 0.0002
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cells in samples based on MSCs collected before alloHCT versus

after alloHCT (P < 0.05), although this observation could not be

ascertained for immature, i.e., CD34+CD45+ cells (P > 0.05)

(Figure 3B). There were no significant differences between

aGvHD ≥ °II and aGvHD ≤ °I. Within CD34+CD45+ cells

myeloid cell differentiation capacity was determined by the

CFU assay (CFU-granulocyte, erythrocyte, monocyte,

megakaryocyte [GEMM], CFU-granulocyte, monocyte [GM],

and burst-forming unit-erythrocyte [BFU-E]), which did not

differ significantly between any of the groups (Figure 3C). There

was no correlation between the results obtained from CAFC or

CFC data and the patient’s blood count or BM cellularity (data

not shown). We conclude that alloHCT and the occurrence of

aGvHD sparsely influence the functionality of ex vivo

propagated MSCs as a consequence of plasticity to

standardized microenvironmental conditions (19). Thus, we

suggest that the ex vivo expansion of MSCs has mitigated any

pre-existing differences on MSC endotypes and more tailored in

vitro cultivation conditions need to be devised to maintain MSC

endotype properties ex vivo.
Frontiers in Immunology 06
Bone marrow graft-versus-host-disease
is linked to compartmental inflammation
and priming of alloreactive T cells

MFC data of BM aspirates concerning lymphoid cells with a

focus on T cell subpopulations (Figure 4A) revealed a significant

reduction of B cells and regulatory T helper (TREG) cells in

patients with active aGvHD ≥ °II compared with those in

patients before aGvHD ≥ °II onset and after aGvHD (P < 0.05)

(Figure 4B). There were no significant differences in the

proportion of TREG cells and B cells between patients before

alloHCT, after alloHCT with aGvHD ≤ °I, before occurrence of

aGvHD ≥ °II, and after aGvHD ≥ °II, respectively. Frequency of

T cells was higher in patients after aGvHD ≥°II (P < 0.01)

(Figure 4B). The CD4+/CD8+ ratio was generally reduced after

alloHCT (P < 0.001). Patients with aGvHD ≤ °I were

characterized by the lowest CD4+/CD8+ ratio following

alloHCT (P < 0.0001). Compared to patients with aGvHD ≤ °

I, patients before onset of aGvHD ≥ °II displayed an elevated

CD4+/CD8+ ratio (P < 0.05) (Figure 4B). Since TH1 cells are
A

B

FIGURE 2

Uncultured mesenchymal stromal cells reveal dynamic endotypes after allogeneic stem cell transplantation. (A) Representative scatterplot
showing three distinct endotypes of PI−CD235a−CD45−CD271+ cells (MSC) isolated from a trephine biopsy according to CD90 and CD146
expression. Here, frequency of MSC endotypes according to CD90 and CD146 expression are shown for double negative (DN: CD90-CD146-),
single positive (SP: CD90+CD146-), and double positive (DP: CD90+CD146+), respectively. (B) Representative scatterplot showing the exclusive
expression of CD106 within CD90+ MSCs from BM aspirates. The intensity of CD106 expression was separately analyzed on SP or DP endotypes
as defined in (A). Graphs show individual values with median and interquartile ranges. The Mann-Whitney U-tests were used for statistical
analyses. n, number; *P < 0.05.
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potent sources of IFN-g and TNF-a, we regarded TH1 cell

frequencies as a proxy for these cytokines within the bone

marrow. Hence TH1 cell frequencies were used to indicate

compartmental inflammation and potentially alloreactivity

directed against recipient-derived MSCs (19, 20). Hence, we

sought to analyze CD4+ and CD8+ T cells (T helper (TH) or

cytotoxic T (TC) cells, respectively) regarding their memory and

activation phenotype by staining for CD45RA and CCR7

(Figure 4C). After alloHCT, we observed a significant shift

from quiescent to more activated T cell subsets both in the

CD4+ and the CD8+ fraction (Figure 4D). Within CD4+ T cells,

this effect was most pronounced in patients devoid of aGvHD,

evidenced by a significant decrease of CD45RA+CCR7+ naïve (P

< 0.001) and an increase of CD45RA−CCR7− T effector memory

(TEM) cells (P < 0.01). Compared with patients devoid of

aGvHD, patients with aGvHD ≥ °II displayed an elevated

frequency of CD45RA+CCR7+ T cells (P < 0.01), which

harbour a subset that differentiate directly from naive T cells

upon TCR engagement and retain the capacity of self-renewal

and to hierarchically differentiate into all other memory T-cell

subsets, called TSCM (21). CD45RA−CCR7− TEM cells were

significantly decreased in this cohort (P < 0.01). Additionally,

we observed an increase of terminally differentiated CD4+ T
Frontiers in Immunology 07
helper (TH) cells in the course of aGvHD (before aGvHD ≥ °II

onset versus after aGvHD ≥ °II: P < 0.01). CD8+ T cells generally

displayed a more differentiated/activated phenotype. There was

a slight but significant decrease of CD45RA−CCR7+ after

alloHCT independent of the occurrence of aGvHD occurrence

(P < 0.05) and an increase of terminal effector cells after aGvHD

(P < 0.05) (Figure 4D).

Having observed the enriched population of activated TH cells

(CD45RA-CCR7+) preceding the clinical diagnosis of moderate to

severe BM-GvHD, we sought to investigate whether this patient

cohort could be characterized any predisposing factor driving

alloreactive T cell priming. Previous research has shown that

compartmental inflammation can cause functional impairment

and lack of longevity in MSCs (20–22). Consequently, necrotic

MSCs might be sensed by classical DCs, which are capable to cross

present MSC-derived antigens to T cells. Ultimately, T cell

priming occurs (23, 24), which increases the likelihood for BM-

GvHD. Thus, we sought to characterize the myeloid compartment

within the BM with a particular focus on DCs (Figure 5A).

Regarding the frequency of DCs, we observed a clear reduction

of plasmacytoid DCs (pDCs) after alloHCT independent of the

occurrence of aGvHD (P < 0.01) with an additional diminution

during active aGvHD ≥ °II (versus before aGvHD ≥ °II: P < 0.0001
A

B C

FIGURE 3

Endotypes of mesenchymal stromal cells relating to hematopoietic niche functions are lost during ex vivo expansion. (A) In CAFC test, cell layers
were photographed using a Celigo S and scored for CAFC after 1, 2, and 3 weeks. Total area of CAFC of each coculture was calculated using
ImageJ and compared with the total MSC layer area. (B) Additional cocultures of patient-derived MSCs P2 and healthy donor HSCs were

detached after 2 weeks and quantified with a MACSQuant™ after staining for CD34 and CD45. (C) Detached cells from coculture were also

used for CFC assay. CFUs were analyzed with STEMvision™. The number of CFUs in proportion to seeded CD34+CD45+ cells is shown. Graphs
show individual values with median and interquartile ranges. The Mann-Whitney U-tests were used for statistical analyses. n, number; *P < 0.05.
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and versus after aGvHD ≥ °II: P < 0.001) (Figure 5B). Instead,

6-sulfo LacNAc-positive Monocytes (SlanMos) showed an

increase after alloHCT possibly reflecting an inflammatory

state but were also markedly diminished during active

aGvHD ≥ °II (versus before aGvHD ≥ °II: P < 0.001 and

versus after aGvHD ≥ °II: P < 0.01) (Figure 5B). For CD141-
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CD1c+DCs (cDC2s), we made similar observations as for

pDCs. cDC1s exhibited the lowest frequencies among all

DC subpopulations. The background of alloHCT led to a

significant reduction in cDC1s (before alloHCT vs. aGvHD ≤

°I: P < 0.05). However, patients before aGvHD ≥ °II were

characterized by an enhanced frequency of cDC1s compared
A

B

DC

FIGURE 4

Bone marrow graft-versus-host-disease is linked to compartmental inflammation and priming of alloreactive T cells. (A) Gating strategy to
identify B cells, and T cell subsets within SSC-A low (SSC-Alo)CD45+ cells in bone marrow aspirates. B cells were identified as CD3-CD19+ cells,
T cells as CD3+CD19- cells. T cells could be further subdivided into T helper (TH) cells (CD4

+CD8-), cytotoxic T (TC) cells (CD4
-CD8+), or

regulatory TH (TREG) cells (CD4
+CD25+FOXP3+). (B) Results for the frequency of B cells, T cells, the CD4+ CD8+ -1 ratio, and frequency of TREG

cells identified within bone marrow aspirates from patients before allogeneic stem cell transplantation (alloHCT) (n = 19), and such following
alloHCT either with aGvHD ≤ °I (n = 28), before onset of aGvHD ≥ °II (n = 12), with active aGvHD ≥ °II (n = 14), or having recovered from aGvHD
≥ °II (n = 16) are shown. (C) The gating strategy to identify memory or alloreactive subsets within CD4+ and CD8+ T cells according to the
expression pattern of CD45RA and CCR7 are depicted. (D) Fractions of memory subsets within CD4+ and CD8+ T cells according to expression
of CD45RA and CCR7 in BM aspirates from patients before and after alloHCT. Patients after alloHCT were further stratified according to the
occurrence of aGvHD. Graphs show individual values with median and interquartile ranges or pie charts (D), respectively. The Mann-Whitney
test was used for statistical analysis; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ↪ direction of differentiation.
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with that of patients with aGvHD ≤ °I (P < 0.05) similar to the

level observed before alloHCT (P > 0.05). Patients with active

aGvHD ≥ °II showed the lowest CD141+DC frequency of all

cohorts (P < 0.01 compared with patients before aGvHD ≥ °

II). The frequency gradually increased again in patients

having recovered from active aGvHD, which we attribute to

a tapering of the immunosuppressive medication.
Discussion

Destruction of the BM stroma is conceived to be

accountable for aGvHD-associated myelosuppression (6, 7, 10,

11, 13, 20–22, 25). Previous clinical studies uniformly reported a

disproportionate reduction of stromal cells compared with
Frontiers in Immunology 09
hematopoietic cells in BM aspirates (6, 7, 20). Our data

suggest that this reduction in recipient derived MSCs occurs

even prior to clinical onset of aGvHD > II°. We also observed

that this compartmental inflammation coincided with an

enriched fraction of cDC1s and alloreactive TH cells as the

potential source for MSC-directed destruction of the HPN.

Processing BM biopsies by collagenase digest revealed a

reduction in recipient derived MSCs even prior to the onset of

clinical aGvHD. Additionally, this reduction was associated with

smaller MSC colonies using the CFU-F assay. Using BM

aspirates we could not validate this finding. This is because

calculating MSC numbers in relation to the specimen’s weight is

less prone to systematic bias linked to differing total BM

cellularity between patient cohorts and random bias due to

blood admixture as in BM aspirates employed routinely.
A

B

FIGURE 5

Infiltration of CD141+ dendritic cells occurs prior to active acute graft-versus-host-disease ≥ °II and is depleted with immunosuppressive treatment.
(A) The gating strategy to identify subpopulations of dendritic cells (DCs) in bone marrow (BM) aspirates is shown. CD45+SSCloCD3−CD19−HLA-
DR+ cells were further characterized as plasmacytoid DCs (CD11c−CD123+CD303+) (pDCs), Slan-positive monocytes (CD11c+Slan+) (SlanMos),
type 1 classical DCs (CD11c+Slan−CD141+CD1c−) (cDC1s), and type 2 classical DCs (CD11c+Slan−CD141−CD1c+) (cDC2s). (B) Frequency of DC
subpopulations in percentage of CD45+ cells in BM aspirates. Graphs show individual values with median and interquartile ranges. The Mann-
Whitney test was used for statistical analysis; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Instead, the use of collagenase-digested trephine biopsies enables

MSC quantification independent of BM cellularity and

peripheral blood admixture. However, steroid treatment of

patients with ongoing aGvHD might have influenced MSC

quantitites. Conversely to previous studies focusing on

osteoblasts and nestin+ perivascular cells, our study revealed

no recovery of the HPN after aGvHD had resolved (10, 11, 25).

In accordance with a recent animal study that reported no

recovery of CFU-F activity after injury to the HPN had

occurred (26), multivariable analysis of our data revealed that

time had no significant association with recovery of CFU-

F capacity.

However, it should be noted that all results in relation to BM

cellularity revealed a trend to reduced MSC frequencies only in

the cohort before clinical onset of aGvHD. The lack of a

significant reduction in relative MSC numbers during active

aGvHD ≥ °II could be explained by a delayed decrease in BM

cellularity. Together, this reduction in MSC numbers suggested

subclinical aGvHD (“niche GvHD”) with a subsequent loss in

immunoregulation via MSCs further promoting the onset of

active aGvHD (“GvHD fuel”). The existing data on functional

characterization of ex vivo expanded MSCs in the context of

alloHCT are contradictory (20, 26, 27). In our study, we still

observed an attenuated growth behavior of MSCs in P0 from

patients before aGvHD ≥ °II. However, at later passage numbers,

the functionality of ex vivo propagated MSCs was minimally

influenced by alloHCT and aGvHD contradicting to previous

reports. Nevertheless, pre-existing functional differences that

still existed in vivo might be mitigated by the cultivation

process in vitro (19).

To avoid cultivation-associated bias, we characterized

uncultured MSCs regarding their expression of CD90, CD106,

and CD146 using MFC. CD90 expression on MSCs was

suggested to define stromal cells with high CFU-F capacity,

greater differentiation and immunomodulatory potential (16,

28). Our data suggest that CD90+ MSCs behave differently with

regard to CD106 (VCAM-1) and CD146 expression. VCAM-1,

despite being a direct target gene of the nuclear factor of kappa B

(NF-kB) and resultingly involved in mediating inflammatory

processes (29, 30), was also reported to enhance engraftment of

HSCs and their progeny (31–33). Indeed, VCAM1’s biological

function may depend on whether it occupies its membrane-

bounded or shedded form (33–35). As such, VCAM1+MSCs can

potently suppress activated T cell responses (34, 36–38), whereas

VCAM1 ’s shedded form is linked to compartmental

inflammation via TNF-a and IFN-g. We have found a higher

expression of VCAM1 on MSCs following alloHCT.

Intriguingly, MSCs from patients prior to the onset of

clinical aGvHD ≥ °II were characterized by reduced VCAM1+

MSCs, irrespective of co-expression of CD146 suggestive of

nhanced shedding of VCAM1 and/or already ongoing

destruction of VCAM1 expressing MSC. As such, a decrease in

immunomodulatory capacity of MSCs can be surmised.
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However, further studies are required to assess the differential

expression kinetics of VCAM1+ MSCs in the context of soluble

VCAM1 within the BM. Moreover, T cell functionality

assessments (TNF-a and IFN-g production) of isolated T cell

from BM aspirates of our patient cohorts should be performed

upon recombinant human VCAM1 treatment (soluble effect) as

opposed to isolated irradiated VCAM1+ MSCs in ex vivo tests.

We also investigated changes to the immune cell-MSC

interface in relation to the observed changes in MSC

endotypes. Here, we observed a strong reduction of immune

cells including B cell, TREG cells, and distinct DC subsets in BM

aspirates of patients with aGvHD, as described earlier for

peripheral blood or tissue sections (10, 11, 39, 40). Compared

to before alloHCT, the lower TH/TC cell ratio in all groups of

patients after alloHCT is a well-known phenomenon and can be

explained by a faster homeostatic peripheral expansion of TC

cells compared to that of TH cells (10, 40, 41). Importantly,

before clinical onset aGvHD ≥ °II, an enhanced ratio of TH/TC

cells was observed implying enhanced levels of the canonical TH

cell cytokines TNF-a and IFN-g within the BM. Jointly with a

reduced immunomodulatory function of VCAM1+ MSCs, this

led us to believe these TH cells to be target of alloreactive priming

from a naïve precursor with MSC-directed origin. Indeed,

infiltration of target organs by alloreactive T cells is a key

observation in aGvHD (1). GvHD patients are characterized

by an enhanced fraction of fit CCR7+ TH cells, which may

predispose as the inducing agent for MSC-directed damage of

the HPN. CCR7 endows T cells with a unique capability to home

to lymph nodes via CCL19 and CCL21 (42). Alternatively, an

enriched fraction of CCR7 could be found resulting from the

destruction of the lymphatic system from the preconditioning

therapy. Hence, CCR7+ naïve T cells preferentially enrich within

the BM, which is rich in CCL19 (43). This is the place where

their priming towards minor antigens and recipient-derived

peptides from recipient-derived MSCs may be acquired.

Interestingly, the general reduction in immune cells occurred

almost exclusively during active/ongoing aGvHD but did not

precede the clinical appearance of aGvHD ≥ °II. Several factors

may contribute to these findings. The reduced amount of B cells

during active aGvHD might represent a delayed consequence of

the disturbance of the HPN. Further studies are needed to

validate these observations. For example, the kinetics of

CCL19/CCL21 expression should be set in relation to CCR7+

T cell homing to the BM. Efforts should be made to better firm

up the interaction between CCR7+ naïve T cells and their ability

to be primed with MSC antigens by CD11c+Slan−CD141+CD1c−

cDC1 cells in ex vivo assays.

Concerning DCs, their fraction in BM aspirates might have

been additionally altered by migration of these cells to aGvHD

target organs. This has been demonstrated for SlanMo which are

supposed to exhibit a predominantly proinflammatory

phenotype (44). Regarding pDCs, there is little evidence to

support this hypothesis. Although identified as a main source
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of type I interferons and implicated in the development of many

inflammatory diseases including aGvHD (45, 46), they have also

been described as inducers of peripheral tolerance (39, 47, 48).

Importantly, side effects of steroid treatment should be

considered to contribute to alterations of immune cells during

aGvHD: i) direct toxicity on the analyzed immune cells (49, 50),

and ii) indirect toxicity mediated by pertubations of MSCs and

their progeny (50, 51). We could observe that patients prior to

the onset of aGvHD ≥ °II harboured an enhanced fraction of

cDC1s. cDC1s are known to be capable of cross-presenting

necrotic antigens or such derived from exosome-shedding to

alloreactive T cells (27, 52, 53). Strikingly, these were also

depleted with treatment during active aGvHD ≥ °II. We

hypothesize these cDC1s as the inducing agent of alloreactive,

MSC-directed TH from naïve TH cells by which the destruction

of the HPN prior to clinical/active aGvHD ≥ °II occurs, and by

which in the following peripheral cytopenia is deteriorated.

In conclusion, quantification of MSCs independent of BM

cellularity from collagenase-digested trephine biopsies revealed

that MSCs are diminished in association with aGvHD. This

damage occurs prior to the clinical onset of aGvHD and is not

reversed after recovery from aGvHD. It is noteworthy that the

clinically observed myelosuppression appears in direct temporal

association with aGvHD diagnosis in most cases. But even the lack

of association between collected HPN parameters (MSC numbers,

phenotype, and function) and peripheral blood counts in our

cohort does not exclude a relevant contribution of

dysfunctionality within the HPN to aGvHD-associated

myelosuppression. We assume that a reduction in MSCs (or a

derailed composition of MSC subtypes) might serve as a surrogate

for imminent aGvHD. However, we acknowledge the inherent

limitation of in vivo human studies. Especially, further studies are

needed to address compartmental inflammation based on kinetic

cytokine profiles of TNF-a, IFN-g, IL-6 and TGF-b following

alloHCT and in relation to aGvHD status. Arguably, contribution

of T cell activation to alloreactivity needs to be further validated in

ex vivo assays using MSC-conditioned DC cells.
Materials and methods

Patient and sample characteristics

BM aspirates and/or BM biopsy specimens were collected

from routine diagnostic procedures from 73 hematologic

patients undergoing alloHCT (Table 1). Samples with evidence

of medullary relapse defined by the presence of ≥ 10% blasts in

the case of acute leukemia/myelodysplastic syndrome/

myeloproliferative neoplasm or any infiltration of non-
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Hodgkin lymphoma were excluded. Aspirates were available

from 12 patients before, 46 patients after and 7 patients before

and after alloHCT. Trephines were available in 13 patients

before, 47 patients after and 7 patients before and after

alloHCT. The study (NCT02829216) has been approved by the

Institutional Review Board (EK 108032016).
Isolation and quantification of
mesenchymal stromal cells

BM samples were prepared as previously described (14).

Collagenase-digested trephine biopsies were used for functional

quantification of MSCs by the colony-forming unit fibroblast

(CFU-F) assay and to detect uncultured MSC by MFC. Numbers

of CFU-Fs divided by TNC resulted in relative MSC frequencies.

CFU-F capacity per milligram biopsy provides results

independent from BM cellularity. MSCs were defined by MFC

as PI−CD235a−CD45–CD271+ and were normalized to the total

leucocyte count (PI−CD235a−CD45+). In BM sections, MSC

were quantified as CD271+ visual areas in relation to the total

cellularized area. Detailed descriptions of the methodologies,

equipment, reagents, and an example of the MFC gating strategy

are provided in the Supplemental Data.
Characterization of mesenchymal
stromal cells

In vitro cultivation and characterization of MSC was

performed as described previously (14). The phenotype of

freshly isolated MSC without prior in vitro expansion was

analyzed by MFC. For details see Supplemental Data.
Characterization of immune cells
residing within the bone marrow

Immune cells were analyzed using MFC in BM aspirates.

Reagents are provided in the Supplemental Data. Examples of

the gating strategies are shown in the results section.
Statistical analyses

Statistical methods are provided in the Supplemental Data. All

values are presented as median ± interquartile range. The Mann-

WhitneyU test was used to detect statistically significant differences

between two or more unpaired groups. A P < 0.05 was considered
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statistically significant. GraphPad Prism 9.0 (GraphPad Software,

Inc., California) was used for statistical analyses.
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