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Abstract

Objectives: The primary mechanism for bone marrow failure in aplastic anemia

(AA) is autoimmune hematopoietic stem cell destruction. AA can be cured with

antithymocyte globulin (ATG) treatment, and some smaller studies have indicated

that the number of regulatory T cells (Tregs) may be predictive of response. Addition-

ally, AA patients appear to have elevated numbers of Th17 cells and bone marrow

macrophages, but outcome data are missing.

Methods: We performed immunohistochemistry on bone marrow biopsies from

121 ATG-treated AA patients and 14 healthy controls, using antibodies against

FOXP3 (for Tregs), IL-17 (for Th17), CD68 (for pan-macrophages) and CD163 (for

M2 type macrophages) to study their possible relation to ATG response and AA

prognosis.

Results: AA patients had significantly fewer Tregs and Th17 cells but significantly

more macrophages compared with controls. Treg, Th17 and pan-macrophage cell

numbers were not associated with ATG response or differences in survival. Patients

with higher levels of M2 macrophages had improved 5-year overall survival: 79.6%

versus 57.4% (p = .017), and this benefit was primarily seen in AA patients with non-

severe disease.

Conclusions: We found that Treg and Th17 cell numbers did not predict ATG response

or survival, whereas M2 macrophages may be associated with improved survival.
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Novelty statements

What is the new aspect of your work?

We have studied the number of macrophages using immunohistochemistry on bone marrow

biopsies from a large aplastic anemia patients' cohort
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What is the central finding of your work?

It seems as if the number of macrophages (subtype M2) could have a survival impact

What is (or could be) the specific clinical relevance of your work?

Immunohistochemistry is reproducible in the clinical setting, and the number of macrophages

could have the potential to be used as an additional prognostic biomarker

1 | INTRODUCTION

The underlying immune mechanisms in acquired aplastic anemia

(AA) are still poorly understood.1,2 However, the destruction of

hematopoietic stem cells (HSC) and progenitor cells by autoreac-

tive cytotoxic T-cells, as well as the upregulation of different cyto-

kines, for example, interferon-γ (IFN-γ) and tumour necrosis

factor-α (TNF-α), during this disease are well described3–7; IFN-γ

enables the destruction of HSCs via activating T-cells and the

Fas/FasL apoptosis pathway.8 It was also recently reported that

IFN-γ-dependent HSC destruction is mediated by macrophages

(MΦs), and the depletion of MΦs in a mouse model appeared to

rescue HSCs from destruction.3,9 Furthermore, MΦs seem to be

responsible for TNF-α production, thus allowing them to engage

cytotoxic T-cells, triggering IFN-γ production, which together build

an interactive loop.3 Efforts to find an immunological signature for

AA as compared with healthy individuals have identified a lower

number of regulatory T-cells (Tregs) and an increased percentage

of T-helper type 17 (Th17) cells.10–14 First, the number of Tregs at

the time of diagnosis has been associated with the response to

antithymocyte globulin therapy (ATG), with the non-responding

group having the lowest values.12,13 Second, a deep immunophe-

notyping analysis of Tregs, using CyTOF mass cytometry tech-

niques, has described two subgroups with distinct phenotypes and

functions; patients who had Tregs with a memory/activated phe-

notype (TregB: high expression of CD95, CCR4 and CD45RO

within FOXP3hi, CD127lo Tregs) had a better response to ATG.15

However, the numbers of ATG-treated patients in these studies

are relatively low (ranging from 11 to 31), and the rather compli-

cated technology, together with presumptive difficulties reprodu-

cing the number and proportion of Tregs, make it uncertain if

measuring these cells can be a helpful prognostic tool for everyday

clinical routine.

We previously reported data on the incidence, treatment and out-

come in a nationwide study of all AA patients diagnosed in Sweden in

2000–2011.16 Over 60% of all patients were primarily treated with

immunosuppressive therapy (mainly ATG), and only 10% directly

underwent stem cell transplantation (SCT). There were no differences

in ATG response rate among the age groups, and ATG-responsive

patients had an excellent overall survival (OS) rate.17 However,

patients with very severe AA responded poorly to both first- and

second-line ATG, which translated into worse survival, indicating the

need for a different treatment approach, such as earlier SCT interven-

tion. Thus, having reliable prognostic indicators or predictive

biomarkers for an ATG response would be very valuable, especially

for patients above the age of 40 years, as primary immunosuppressive

therapy still is advocated for the majority of patients in this

population.18,19

Performing a bone marrow biopsy is required for the diagnosis

of AA, as marrow cellularity of <25% and a low peripheral blood

count are the cornerstones for diagnosis. Immunohistochemistry is

an extensively used standard diagnostic method in pathology, and

the enumeration of positively stained cells per field of view is also

easily reproducible. There have been only a few small (ranging from

10–27 patients) immunohistochemistry studies on bone marrow

biopsies from AA patients, and none of them provided data on dis-

ease stage, prognosis, treatment or comparisons with healthy

individuals.20–24 Thus, with the aim to study the relation of Tregs,

Th17 cells, and MΦs to AA disease severity, ATG response, and

prognosis, we performed immunohistochemistry staining on bone

marrow biopsy material from a large retrospective cohort (n = 121)

of ATG-treated AA patients.

2 | PATIENTS AND METHODS

2.1 | Patients

As previously described, we retrospectively identified all cases of

acquired AA diagnosed in Sweden from 2000 to 2011 and obtained

detailed clinical and outcome data.16 Incidence, overall outcome, and

results of immunosuppressive therapy with ATG and allogeneic SCT

have previously been presented.17,20 The present study was con-

ducted on the subset of AA patients treated with ATG who had avail-

able residual bone marrow biopsy samples (n = 121). Healthy bone

marrow tissue donors were included as the control group (7 females

and 7 males); the median participant age was 52.5 years (range: 22–

69 years). The study was approved by the Regional Ethical Review

Board in Gothenburg and the Swedish Ethical Review Authority

(615-12 and 2019-04900).

The diagnosis of AA was confirmed according to the Camitta

criteria,21 and disease severity was classified as follows: severe aplas-

tic anemia (SAA), with two of the following three characteristics: abso-

lute neutrophil count (ANC) <0.5 � 109/L, platelet count <20 � 109/L

or reticulocyte count <20 � 109/L; very severe aplastic anemia

(VSAA) had the same characteristics as SAA, but with ANC

<0.2 � 109/L; and non-severe aplastic anemia (NSAA) which are

patients not fulfilling criteria for SAA or VSAA.
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2.2 | Immunohistochemistry

Paraffin-embedded bone marrow tissue blocks were used to pro-

duce whole tissue sections with a thickness of 4 μ. After routine

deparaffinization, sections were stained with antibodies against

CD34, CD68 (both from Agilent, Santa Clara, CA), CD163, FOXP3

(both from BioCare, Pacheco, CA) and IL-17 (Abcam, Cambridge,

UK). The PT Link/PT200 Heat-Induced Epitope Retrieval (HIER) and

Autostainer Link 48 were utilized. These antibodies were selected

for the following reasons: CD68 (a pan-MΦ marker) and CD163

(a marker of MΦ subtype M2) are proteins expressed on monocyte–

macrophage lineage cells; forkhead box protein 3 (FOXP3) is a well-

recognized characteristic of Tregs; IL-17 is a marker for Th17 cells;

and CD34 for hematopoietic stem cells. Tonsillar and appendix tis-

sues were used as positive controls. Detailed information on the pri-

mary antibodies is provided in Table S1. Sections stained with

antibodies against CD34, CD68, CD163, FOXP3 and IL-17 were

scanned at 40� magnification and digitalized with a NanoZoomer

S210 (Hamamatsu Photonics, Hamamatsu City, Japan). Enumeration

of positively stained cells was performed digitally using NDP.view2

software (Hamamatsu, Japan). Two independent observers, blinded

to the AA severity grade, estimated the proportion of positively

staining cells and aimed to have a concordance of >80%. Staining

was nuclear (FOXP3) or cytoplasmatic (IL-17) for lymphocytes and

was located in the cell membrane (CD34) for stem cells. For CD68

and CD163 staining, cells with a morphological appearance consis-

tent with MΦs (i.e., large cells with abundant cytoplasm with or

without filopodia and with detectable medium-to-large nuclei) and

with a cytoplasmatic staining pattern were considered positive. All

cells with positive staining were counted in 10 consecutive high-

power fields (HPF). Microscope Zeiss Axioscope 2 Plus, with the

optical field of view (FOV) 23, was used as a standard for digital

HPF, with a calculated area of 0.26 mm2 per HPF. In every HPF, the

area containing the hematopoietic cells was marked separately with

the freehand region tool, and the median bone marrow cellularity

was calculated. The ratio of positively stained cells to cellularity was

then estimated and used for comparing patients with controls.

2.3 | Statistical analyses

We used a Pearson's chi-squared test and Mann–Whitney U-test or

Kruskal–Wallis test to compare clinical characteristics and immunohisto-

chemical biomarker levels between the groups. We used the Kaplan–

Meier method to determine OS; comparisons were based on the log-rank

test. The statistical analyses were performed by using SPSS version 26.

3 | RESULTS

3.1 | Patients

Detailed patient characteristics are provided in Table 1. The median

age was 57 years (range: 2–85 years), and 50.4% of the patients were

female; 23 of the patients were < 18 years old, with a median age of

13 (range: 2–18). Regarding AA disease severity, 63% of the patients

had SAA or VSAA at the time of diagnosis, and most patients (80%)

were treated with rabbit ATG.

3.2 | Immunohistochemical biomarkers

The median cellularity for the AA patients (n = 121) was 10% (range:

1%–36%), and that for the controls was 48% (range: 37%–63%).

There was no difference in median cellularity among AA severity

grades: NSAA, 10% (range: 1%–36%); SAA, 10% (3%–30%); and

TABLE 1 Patients characteristics
Patients, N = 121 Controls, N = 14

Median age (range) 57 (2–85) 52.5 (22–69)

Sex, female/male 61/60 7/7

Disease severity (VSAA/SAA/NSAA) at

diagnosis, n (%)

32 (26%)/45 (37%)/44 (37%)

Peripheral blood counts

Neutrophils, �10*9/L median (range) 0.5 (0.0–4.0)

Lymphocytes, �10*9/L median (range) 1.5 (0.18–5.8)

Reticulocytes, �10*9/L median (range) 21 (1–104)*

Treatment

Rabbit ATG/horse ATG, n (%)** 97 (80%)/21 (18%)

HSCT, n *** 28

VSAA/SAA/NSAA, n (%) 11 (39%)/11 (39%)/6 (22%)

Note: *93 patients, ** For three patients, data on ATG formulation was missing, *** second or third-line

treatment.

Abbreviation: HSCT-hematopoietic stem cell transplantation.
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VSAA, 10% (5%–24%) (p = .799). The median number of

CD68-positive cells (patients, n = 119) was 13 (0–66) per HPF, while

CD163 staining (patients, n = 108) yielded a median of 24 (range:

1–54) positive cells per HPF. The median FOXP3-positive cell

number (patients, n = 120) per HPF was 0 (range: 0–17). IL-17 stain-

ing was available for 114 patients, with a median of 0 (0–3) positive

cells per HPF. A total of 116 patients had available CD34 staining,

with a median of 0 (0–3) positive cells per HPF (Figure 1). All

median numerical values for patients and controls are presented in

Table S2.

The CD68 and CD163 positively stained cell number to cellu-

larity ratios were significantly higher for AA patients than for

healthy controls (p = .036 for CD68; p = .029 for CD163)

(Figure 2A–E). For FOXP3 and IL-17, the positively stained cell

number to cellularity ratios were lower in AA patients than in

healthy controls (p = .001 and p < .001, respectively). Regarding

CD34, no statistical differences were found between AA patients

and controls.

For simplicity, as all AA severity grades had similar median

cellularities, only the median number of positively stained cells

F IGURE 1 Immunohistochemical staining of CD68, CD163, FOXP3 and IL-17 protein in BM samples of aplastic anemia patients
(magnification: �40) (A) CD68 < median number; (B) CD68 > median number; (C) CD68 healthy control; (D) CD163 < median number;
(E) CD163 > median number; (F) CD163 healthy control; (G) FOXP3 < median number; (H) FOXP3 > median number; (I) FOXP3 healthy control;
(J) IL-17 < median number; (K) IL-17 > median number; (L) IL-17 healthy control; (M) CD34 < median number; (N) CD34 > median number;
(O) CD34 healthy control.
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was used for comparing AA subgroups, and we found no differ-

ences in FOXP3, IL-17, CD34, CD68 or CD163. All numerical

values are listed in Table S3. We found a medium-to-strong cor-

relation between the number of CD68- and CD163-positive

cells, with a Spearman correlation coefficient of 0.442 (p < .001)

(Figure S1).

3.3 | ATG responsiveness

Fifty-nine (48.8%) patients responded to first-line ATG treatment.

When dividing patients into two groups according to their median

numbers of positively stained cells for FOXP3, IL-17, CD34, CD68 or

CD163, we found no significant differences in ATG response. For

F IGURE 2 Scatterplots of positive cells to cellularity ratio. (A) CD68 values comparison with controls; (B) CD163 values comparison with
controls; (C) FOXP3 values comparison with controls; (D) IL-17 values comparison with controls; (E) CD34 values comparison with controls
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FOXP3, 36 (53.7%) patients in the <1 positively stained cells per HPF

group responded, compared with 22 (41.5%) in the ≥1 positively stained

cells per HPF group (p = .202). For IL-17, 49.5% (n = 45) responded in

the <1 positively stained cells per HPF group, compared with 47.8%

(n = 11) in the ≥1 positively stained cells per HPF group (p = .538). For

CD34, 29 (48.3%) patients in <1 positively stained cells per HPF group

and 26 (46.4%) patients in the ≥1 positively stained cells per HPF group

responded (p = .855). For CD68, 27 patients (47.4%) responded in the

below-median CD68 group compared with 31 patients (50%) in the

above-median group (p = .855). Lastly, a similar trend was observed for

CD163: 25 patients (46.3%) versus 27 patients (50%) responded in the

under and over median groups, respectively (p = .847).

Likewise, we found no differences in ATG response among the

AA severity grades when divided according to their FOXP3, IL-17,

CD34, CD68 and CD163 median values. When analysing the ATG

response according to the patient absolute reticulocyte count (ARC)

and absolute lymphocyte count (ALC), we found that those with an

ARC of ≥25 � 109/L had a better response (response/no response,

29/15; 65.9%) than those with an ARC of <25 � 109/L (16/33;

32.7%) (p = .002), but for ALC (<1 or ≥ 1 � 109/L) there was no dif-

ference in response (p = .887).

3.4 | Survival

The 5-year OS for all the study patients was 67.8%. When the

cohort was divided according to their FOXP3, IL-17, CD34 or

CD68 median value, no differences in OS were found. However,

when analysing survival according to the CD163 median sub-

groups (<24 and ≥ 24 positively stained cells per HPF), we found a

survival benefit for the ≥24 subgroup; they had an OS of 79.6%

(<24 OS: 57.4%; p = .017) (Figure 3A). When dividing patients

according to AA severity, we also found a significant difference

between the CD163 median subgroups in NSAA patients (OS:

57.9% vs. 89.5%, p = .035) (Figure 3B); in the SAA and VSAA

patients, the corresponding numbers were 66.7% versus 80.0%

(p = .348) and 42.9% versus 66.7% (p = .245), respectively

(Figure 3C–D).

For patients with an ARC of ≥25 � 109/L (n = 49), we found no

OS difference compared with patients with an ARC of <25 � 109/L

(n = 44) (OS: 77.3% vs. 63.3%; p = .141). Similar results were seen for

the ALC subgroups. Patients with an ALC of ≥1 � 109/L had a 5-year

OS of 71.6%, whereas patients with an ALC of ≥1 � 109/L had an OS

of 53.8% (p = .113).
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F IGURE 3 The 5-year survival according to median value of CD163 (<24 and ≥24 positively stained cells per HPF). (A) All patients;
(B) Patients with NSAA at diagnosis; (C) Patients with SAA at diagnosis; (D) Patients with VSAA at diagnosis
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4 | DISCUSSION

In this population-based cohort study on AA patients treated with

first-line ATG, performing immunohistochemistry on stored bone mar-

row biopsies revealed that AA patients had fewer Tregs (FOXP3 posi-

tive cells) and Th17 cells, but significantly more MΦs compared with

controls. We could not associate Treg, Th17 and CD68 positive

(pan-macrophage marker) cell numbers with ATG response or survival.

Nevertheless, patients with higher levels of CD163 positive cells

(M2 MΦs) had improved 5-year overall survival, and this benefit was

primarily seen in NSAA patients.

So, even though our AA patients had fewer Tregs we found no

difference in the number of Tregs between AA severity groups, and

no correlation between Tregs and ATG response or OS. Tregs are

believed to play a central role in autoimmune disease immunopatho-

genesis by suppressing autoreactive T cells.22 Their number has been

reported to be depressed in AA; in 2007, a National Institute of

Health group analysed Tregs in peripheral blood from 20 AA patients

using flow cytometry and found that the absolute numbers of circulat-

ing Tregs were lower than those in healthy controls.11 Other groups

have shown similar results, with decreased Treg numbers in the bone

marrow as well.12,23 Additionally, Treg function appears to be

impaired in AA patients, as illustrated by the reversed ratio of Tregs

between peripheral blood and bone marrow, indicating a compro-

mised migratory ability,23 along with a reduced capacity to suppress

effector T cells12 and inhibit IFN-γ-producing T cells.23 In adult

patients, the Treg count at the time of diagnosis has been reported to

be lower in the VSAA group than in the NSAA group12; however, in

children, no significant difference was observed among the NSAA,

SAA and VSAA groups.13 Furthermore, the likelihood of responding to

the treatment was higher for patients with a higher number of Tregs

at the time of diagnosis.12,13 Both activated Tregs12 and the acti-

vated/memory type Tregs that predominate in the ATG-responding

AA patients have been found to have bright FOXP3.15 As we used

immunohistochemistry instead of flow cytometry and did not evaluate

the Treg functional state, we cannot evaluate the activation state for

the positively stained Tregs. Unlike other studies, our patients were

treated mostly with rabbit ATG and generally had lower response

rates compared with horse ATG-treated patients. Nevertheless, our

data suggest that the number of Tregs in the bone marrow of AA

patients seems not to be predictive of response to ATG therapy.

Similar to the previously mentioned study by Sun et al.,3 we

found that AA patients had more bone marrow MΦs, of both the

CD68 and CD163 subtypes, than did healthy controls. However, we

found no difference among AA severity grades. MΦs play a central

role in both adaptive and innate immunity and are divided into two

main groups: the M1 subtype, which is pro-inflammatory, and the M2

subtype, which is anti-inflammatory and controls immune regulation

by overexpressing mannose receptor and histocompatibility complex

type II and reducing pro-inflammatory cytokine production.24 They

also have a pathogenic involvement in autoimmune diseases owing to

an imbalance in the M1/M2 ratio; a reduced M2 population and

increased survival of M1 cells lead to a pro-inflammatory state.25 The

anti-inflammatory M2 MΦs have several subsets, one of which

(CD163-expressing M2c) has been suggested to promote Tregs via

the production of TGF-β, but this mechanism is not entirely clear.24 In

an AA mouse model, MΦs produced TNF-α, and when they engaged

T-effector cells via the TNF-α receptor, these activated effector cells

increased their production of IFN-γ.3 Additionally, in another mouse

AA model, IFN-γ-dependent HSC loss required MΦs, IFN-γ was neces-

sary for the selective maintenance of bone marrow-resident MΦs and tar-

geting MΦs both rescued stem cells and improved survival.9 The bone

marrow environment contains tissue-resident MΦs that sense and

respond to IFN-γ, which stimulates them to produce cytokines, such as

TNF-α.26 Tissue-resident MΦs are believed to be embryonically derived

and maintained via self-renewal, which may be another explanation for

the persisting MΦs in AA patient bone marrow.26,27 Here, a higher num-

ber of CD163-positive MΦs (M2 subtype) were associated with better

survival, and this benefit was most apparent in the NSAA patient group.

Regarding AA immunology, the MΦ polarization between M1 and M2 is

unclear, but enhanced M2 MΦ activity has been correlated with HSC

protection in an SAA mouse model.9 We cannot explain the potential sur-

vival benefit of more CD163/M2 MΦs, mainly seen in the NSAA group,

from clinical characteristics, as we did not find any differences in ATG

response, age or transplantation rate between the high- and low-CD163

patient groups (Table S4). A higher number of CD163 MΦs could suggest

a rudimentary M2 state, indicating an immunosuppressive role. However,

we cannot exclude that some other unaccounted variables have influ-

enced the outcome of the NSAA group. Nevertheless, further functional

studies are needed to elucidate a possible beneficial role of M2

MΦs in AA.

Regarding Th17 cells, we found that healthy controls had higher

numbers of IL-17-positive cells compared with AA patients, but without

prognostic or predictive impact. Our results contrast with previous data in

which a significantly larger population of Th17 (CD3+CD8�IL-17+) cells

was detected with flow cytometry in AA patients than in healthy con-

trols.10,28 There are contradictory data concerning Th17 cells and AA

severity grades: Peffault de Latour and co-workers found a higher number

in NSAA than in SAA10 but a group from King's College in London found

higher numbers in SAA.12 Here, all AA severity grades had very few Th17

cells, without any difference between groups.

As expected, we found very low numbers of CD34 cells, corrobo-

rating previous immunohistochemistry AA bone marrow studies.29,30

However, in contrast with Kelaidi and co-workers who noticed that

ATG responders had a somewhat higher percentage of CD34 cells, we

found no correlation of CD34 cells with ATG response or survival.

Admittedly, our study has limitations. First, as it was retrospec-

tive, we used bone marrow biopsies that were 9–20 years old. How-

ever, those biopsies were primarily prepared similarly with formalin

fixation and embedding in paraffin wax blocks, and it appears as if

most antigens are well preserved over several decades.31 Second, esti-

mations of positively stained cells were made manually, and even if

80% coherence was achieved, some subjectivity was still possible.

Regrettably, apart from bone marrow biopsies no other biobanked

material could be identified, so we could not correlate our immunohis-

tochemistry findings with confirmatory analyses using flow cytometry.
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Third, we have no information on the function of the Tregs or MΦs.

Lastly, we used biopsy material instead of bone marrow aspirates.

However, this could actually have some advantage because of the low

cellularity in AA and the risk of aspirated bone marrow being diluted

with peripheral blood.

In conclusion, in this rather large retrospective real-world study,

we immunohistochemically analysed the bone marrow populations of

Tregs, Th17 cells, CD34 cells and MΦs in patients treated with first-

line ATG. We found no correlation between cell number and ATG

response. To our surprise, the number of M2 MΦs appeared to have a

positive impact on survival, especially in NSAA patients. Although fur-

ther functional studies are needed, our findings suggest that M2 MΦs

could be of possible prognostic importance in AA patients.
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