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Lipocalin-2 (LCN2) is an immunomodulatory protein holding major metabolic and immune

functions. It is involved in several inflammatory processes and induced by cytokines of the

interleukin-1 family known as contributors to the morbidity in graft-versus-host disease

(GVHD) following hematopoietic stem cell transplantation (HSCT). The possible role of

LCN2 in predicting outcome and course of illness has never been elucidated in patients

undergoing HSCT for hematologic malignancies. We conducted a prospective cohort study

including 40 patients following autologous or allogeneic HSCT by collecting plasma samples

at seven time points with respect to GVHD, relapse, and outcome. LCN2 levels were signifi-

cantly increased in acute patients with GVHD compared with autologous and healthy con-

trols (125.7 ng/mL vs. 65.9 and 71.4 ng/mL) and correlated with its severity. Similarly,

LCN2 levels were significantly elevated in chronic GHVD compared with autologous and

healthy controls (295.0 ng/mL vs. 54.9 and 76.5 ng/mL). Moreover, LCN2 correlated with

mortality. The suspected role of LCN2 as a predictive parameter for outcome and prognosis

needs to be further investigated. © 2019 Published by Elsevier Inc. on behalf of ISEH – Soci-

ety for Hematology and Stem Cells.
Allogeneic hematopoietic stem cell transplantation

(HSCT) is the only therapeutic option for patients with

hematological diseases such as acute leukemia [1,2].

However, it is still associated with substantial morbidity

partly related to graft-versus-host disease (GVHD).

GVHD occurs in around 50% of stem cell recipients,

thus remaining a major complication [3−5]. Severe

GVHD is associated with reduced survival [6] and

impaired quality of life of affected patients [7]. Chronic

GVHD (cGVHD) is one of the main causes of nonrelapse

mortality (NRM) and prolonged immunodeficiency [3,4].

Its clinical presentation can resemble those seen in vari-

ous autoimmune disorders such as systemic lupus erythe-

matosus, Sjogren’s syndrome, scleroderma, autoimmune

thyroiditis, and rheumatoid arthritis [8−10]. The 2014

National Institutes of Health (NIH) Consensus Confer-

ence redefined criteria for accurate diagnosis based on

the pre-existing guidelines and the widely accepted

severity scoring of cGVHD [11,12].
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In acute GVHD (aGVHD), transplanted donor T lym-

phocytes react to host cells and tissues that are regarded

as foreign, leading to a distinct inflammatory process

[13]. This efferent phase is preceded by an afferent phase

when, for example, tissue damage throughout the condi-

tioning regimen occurs, and an induction phase when

donor T cells are activated and expand. As a result, host

cells are directly and indirectly damaged by activated

Tlymphocytes. Pro-inflammatory cytokines such as inter-

leukin-1 (IL1), interleukin-6 (IL6) and tumor necrosis

factor (TNF) a are upregulated and contribute to the high

morbidity and mortality [14].

Lipocalins are a family of immunomodulatory proteins

expressed mainly by neutrophils. They exert various meta-

bolic and immune functions [15]. Lipocalin-2 (LCN2) is a

newly discovered molecule that is involved in several

inflammatory as well as detoxification processes [16].

Hepatocytes are the major source for LCN2 following bac-

terial infections. Its production is dependent on the STAT3

signaling pathway upon activation by IL-6 [17]. STAT3 is

essential for the differentiation of TH17 cells [18], which

have been implicated in the inhibition of regulatory T-cell

differentiation [19] and therefore contribute to cGVHD
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[20]. Further data suggest that LCN2 might contribute to

recruitment of inflammatory cells [21]. Moreover, it has

been reported that LCN2 is strongly induced by the pro-

inflammatory cytokine interleukin-1b via nuclear factor

kB. Both contribute to the morbidity observed in GVHD

[14]. It is furthermore a clinically relevant biomarker for

severity of acute kidney injury [22,23]. In urine of patients

with HSCT, LCN2 has been considered a predictor of

acute kidney injury. However, its actual value in this

regard remains controversial [24,25], as current evidence

also refers to LCN2 as a growth factor possibly limiting

renal injury [26]. Its bacteriostatic effects are explained by

its ability to deplete bacterial siderophores.

We conducted a prospective study to investigate the

role of LCN2 during HSCT and to assess its influence

on occurrence and outcome of GVHD. We decided to

investigate autologous transplant recipients in compari-

son to allogeneic ones to allow for reproducibility of

toxicity profiles related to administration of condition-

ing therapies.
Methods

Patients and trial conduct

Plasma samples from patients undergoing either autologous

(n = 12; 10 male, 2 female) or allogeneic (n = 28; 11 male, 17

female) HSCT were collected. We obtained blood samples at

the following time points: on admission (7 days before

HSCT, T − 1), on the day of HSCT (T0), during aplasia

(defined by absolute neutrophil counts <0.5 G/L, T + 1), on

the day of engraftment (defined by absolute neutrophil counts

>0.5 G/L, T + 2), 1 month after HSCT (T + 3), 3 to 6 months

after HSCT (T + 4), and 6 to 12 months after HSCT (T + 5),

respectively. LCN2 levels were measured at the time point

next to maximum GVHD. Time points in control patients

were matched accordingly.

Forty-one consecutive patients were included into the

study. Because one patient died 2 days after enrolment, she

was excluded from further analysis, leaving a total of 40

patients for correlation of plasma LCN2 levels with clinical

outcome including occurrence of aGVHD, cGVHD, NRM

and overall survival (OS). We enrolled patients prior to the

start of myeloablative (n = 26) or reduced-intensity condition-

ing for HSCT and autologous HSCT patients (n = 12) as con-

trols. Healthy individuals served as controls and were

recruited via bulletin. The diagnosis and the severity of

aGVHD and cGVHD were determined based on the modified

Glucksberg and NIH classification [11,27,28]. All patients

received anti-infective prophylaxis as described [29].

Plasma concentrations of LCN2 were measured with an

enzyme-linked immunosorbent assay (ELISA) according to

the manufacturer’s instructions (Thermo Fisher Scientific,

Waltham, MA). All patients gave written informed consent

in accordance with the Declaration of Helsinki. The study

protocol was approved by the local ethical review board

according to Austrian law regulations (Registration No.

1344/2017).
Statistical analysis

The study was designed as a prospective cohort study includ-

ing 40 patients that were followed longitudinally. NRM was

defined as any death not related to the underlying malig-

nancy. Cumulative incidence of NRM was estimated using

the Kaplan−Meier method, adjusting for relapse as a compet-

ing risk event [30]. Relapse was defined as recurrence of

malignancy after achievement of complete remission with

NRM as a competing risk. Cumulative incidences of aGVHD

and cGVHD were estimated considering relapse and death as

competing events. OS was calculated from day 0 of HSCT to

the day of death from any cause or last follow-up. Patients

were censored at the date of last contact.

Statistical comparisons of plasma levels with patient

cohorts were made using the unpaired Student t test or Mann

−Whitney U test following testing for normality. Fisher’s

exact test was used to examine the significance of the associ-

ation between two variables. Differences were considered

statistically significant at a two-sided p value <0.05. The

data are presented as median and interquartile range. All data

were calculated using GraphPad Prism 6.0 (GraphPad Soft-

ware, San Diego, CA).

Results

Demographics

A total of 40 evaluable patients were included in our

study. Apart from gender and disease, no significant

differences in patient characteristics between the autol-

ogous and allogeneic HSCT patient cohorts were

observed (Table 1). With respect to gender, male

patients were significantly taller and heavier than

female patients (81.6 kg vs. 70.0 kg, p = 0.009).
Course of LCN2 during HSCT

Baseline LCN2 plasma levels at T − 1 were 111.3

(§112.6) ng/mL in allogeneic and 76.2 (§65.5) ng/mL in

autologous stem cell transplantation, respectively. This

difference was not statistically significant. In patients

undergoing autologous stem cell transplantation, LCN2

plasma levels peaked at T + 1 with a mean of 9113.6

(§5550.3) ng/mL, in allogeneic stem cell transplantation

LCN2 levels peaked at T0 with 5404.3 (§5365.4) ng/mL.

Apart from that, the time course of LCN2 did not signifi-

cantly differ between the allogeneic and autologous

groups.

Following HSCT, both donor mismatch and relation-

ship of the donor (related /unrelated) did not show a

significant impact on the course of LCN2 levels.
Acute GVHD

In allogeneic HSCT recipients with aGVHD, LCN2

levels were 125.7 (§63.1) ng/mL and, thus, signifi-

cantly higher compared with levels of patients without

aGVHD (65.9 § 38.0 ng/ml, p = 0.018), autologous

controls (71.4 § 40.5 ng/mL, p = 0.034), and healthy

https://doi.org/10.1016/j.exphem.2019.05.001


Table 1. Demographic data of enrolled subjects

Demographic N (%)

All Allogeneic Autologous Healthy controls

Number of patients 40 (100) 28 (70) 12 (30) 15

Median age in years 46 44 48

(range) (34−56) (34−56) (42−49)

Gender

Male 21 (53) 11 (39) 10 (83) 8 (53)

Female 19 (47) 17 (61) 2 (17) 7 (47)

BMI on admission 24.4 22.9 25.8

BMI 25.2 24.6* 25.8*

(range) (17.6−33) (17.6−33) (19−31.2)

Diagnosis

Acute leukemia 21 (53) 21 (75) 0 (0)

Chronic leukemia 1 (3) 1 (4) 0 (0)

Lymphoma 9 (23) 5 (18) 4 (33)

Myeloma 6 (15) 0 (0) 6 (50)

Othery 3 (8) 1 (4) 2 (17)

Disease status at transplantation

Standard risky 21 (53) 15 (54) 6 (50)

High risky 19 (48) 13 (46) 6 (50)

Conditioning

Myeloablative 26 (65) 14 (50) 12 (100)

RIC 14 (35) 14 (50) 0 (0)

Stem cell donors

Related 11 (39) 11 (39) NA

Unrelated 17 (61) 17 (61) NA

HLA-identical 21 (75) 21 (75) NA

HLA-mismatched 7 (25) 7 (25) NA

Stem cell source

Bone marrow 1 (3) 1 (4) 0 (0)

PBSC 39 (98) 27 (96) 12 (100)

Post-transplant immunosuppressive prophylaxis

Cyclosporine only 4 (10) 4 (14) NA

Cyclosporine-MTX 14 (35) 14 (50) NA

Cyclosporine-MMF 10 (25) 10 (36) NA

Follow-up (mo)

Median 26 24 30.3

Range 0.1−46 0.1−46 4.3−46

*Statistically different.
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controls (45.9 § 14.1 ng/ml, p < 0.0001), respectively

(Figure 1A). Severity of aGVHD correlated with LCN2

levels (Figure 1B).

Chronic GVHD

Characteristics of cGVHD are summarized in Table 2. In

allogeneic HSCT recipients with cGVHD, LCN2 levels

were 295.0 (§215.7) ng/mL and thus significantly higher

than those of patients without cGVHD (54.9 § 68.2 ng/mL,

p < 0.001), autologous patients (76.5 § 68.2 ng/mL, p <
0.001), and healthy controls (45.9 § 14.1 ng/mL, p <
0.001), respectively (Figure 2A). Again, severity of cGVHD

correlated with LCN2 levels (Figure 2B).

Patients with aGVHD and cGVHD

In patients with aGVHD who also developed cGVHD

later (n = 6), there were no significant differences
compared with patients with either aGVHD (111.3 §
78.2 ng/mL vs. 135.7 § 59.1 ng/mL) or cGVHD

(322.6 § 162.9 ng/mL vs. 273.5 § 193.7 ng/mL) only.

Patients with overlapping aGVHD and cGVHD (n = 4)

also did not show significant differences with respect

to LCN2 levels. However, when sampling at the time

point during active aGVHD and cGVHD (n = 2), LCN2

levels were higher than in patients with aGVHD

(275.4 vs. 135.7 § 59.1 ng/mL) or cGVHD (411.2 vs.

273.5 § 193.7 ng/mL) only.

Mortality

Overall, 13 patients (32%) died within a mean of 8 months

after HSCT. Nine patients (22.5%) died within a mean of

4.7 months after HSCT because of relapse of their primary

diseases. Four patients (10%) died within a mean 14.5

months after HSCT from causes that were not related to

https://doi.org/10.1016/j.exphem.2019.05.001


Table 2. Characteristics of chronic GVHD

Characteristic N (%)

Total 17 (61)

Organ involvement

Skin 11 (65)

Eyes 11 (65)

Oral mucosa 8 (47)

Liver 10 (59)

Lungs 4 (24)

Gastrointestinal tract 2 (12)

Joints 1 (6)

NIH severity score

Mild 10 (59)

Moderate 4 (24)

Severe 3 (18)

Onset type of cGVHD

De novo 6 (35)

Quiescent 6 (35)

Progressive 5 (29)

Median time to first onset of cGVHD 123 (75−222)

Figure 1. LCN2 levels in aGVHD at disease maximum (A) com-

pared with autologous and healthy controls. LCN2 levels correlated

with severity of aGVHD (B).
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their primary disease (causes of death: sarcoma, infec-

tion, cGVHD, aGVHD). We did not observe differences

in mortality, relapse, aGVHD, and cGVHD with respect

to gender.

Whereas time points T − 1 until T + 3 did not differ

significantly when surviving patients were compared

with patients dying during the follow-up period, a
significant difference was found at T + 4, when LCN2

levels in non-surviving patients began to rise again,

which was not the case in surviving patients (Figure 3).

T + 5 showed a trend but failed to reach significance

(p = 0.096) because by T + 5, a considerable number of

patients in this group had died and were censored. This

difference also occurred in allogeneic patients with

relapse of the underlying disease (n = 9; Figure 3) as

well as in patients dying from causes other than relapse

(such as infection and GVHD, n = 4), suggesting a

mechanism independent of transplantation or underly-

ing disease.
Comparison with healthy controls post-GVHD

In patients with resolved aGVHD and no cGVHD

(n = 6), LCN2 levels did not differ significantly from

healthy controls (43.4 § 23.7 ng/mL vs. 45.2 § 14.3

ng/mL). Patients with resolved cGVHD (n = 9) also did

not show differing LCN2 levels compared with healthy

controls (54.9 § 21.4 vs. 45.2 § 14.3 ng/mL).
Influence of conditioning regimen

Patients undergoing the myeloablative conditioning

regimen (MAC) did not have significantly different

LCN2 levels compared with those on the reduced-

intensity conditioning (RIC) regimen at T0, T + 1, and

T + 2.

Patients treated with MAC had higher levels of

LCN2 during T0, T + 1, T + 2, and T + 3, whereas

patients treated with the RIC regimen had higher

LCN2 levels during T + 4 and T + 5 (Supplementary

Figure E1 in the Supplementary Material, online only,

available at www.exphem.org). However, this differ-

ence failed to reach statistical significance.

http://www.exphem.org
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Figure 2. LCN2 levels in cGVHD at disease maximum (A) com-

pared with autologous and healthy controls. LCN2 levels correlated

with severity of cGVHD (B)
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Discussion

The main finding of our study is that LCN2 exhibits sig-

nificant differences between patients experiencing

aGVHD or cGVHD and autologous or healthy controls;

LCN2 correlated with severity of both forms of GVHD.

Also, LCN2 levels were significantly higher in patients

post-HSCT without GVHD compared with healthy con-

trols. Furthermore, LCN2 levels correlated with relapse
and overall survival. This has been shown for the first

time.

The LCN2 levels reported here are comparable to

those of other studies [31]. Maier et al. reported a

median of 255 ng/mL on day 1 post-kidney transplan-

tation, decreasing to 134 ng/mL on day 7, which is a

bit higher than the data in our patients without GVHD

and might be a consequence of the fact that Maier

reported data only up to the seventh postoperative day

[31]. LCN2 is an acute phase protein and, as such, is

typically elevated in postoperative conditions [32]. It

must be taken into account that the immunosuppressive

treatment, as a cornerstone of post-HSCT therapy, may

alter LCN2 levels in these patients. However, studies

on whether or not immunosuppression influences LCN2

are lacking.

We found that LCN2 levels are higher in patients

with both aGVHD and cGVHD. This is of interest

because LCN2 influences the function of regulatory T

helper cells [33], which play a prominent role in the

development of cGVHD [34,35]. It has been shown

that this T-cell subtype can ameliorate GVHD in a

mouse model [20,36]. On the other hand, injection of

LCN2 exacerbates psoriasiform skin inflammation via

Th-17 cells [37]. In this case, LCN2 would causally

contribute to deterioration of GVHD. Further studies

have to elucidate this correlation. Another important

observation by Wang et al. reported that IL-17

enhanced LCN2 mRNA expression in human neutro-

phils [38], which also play a major role in the develop-

ment of aGVHD [39]. Because LCN2 also correlated

with the severity of both forms of GVHD, it may be

used as a disease activity marker, similar to inflamma-

tory bowel disease [40].

LCN2 plasma concentrations in patients with aGVHD

were significantly higher than those in patients following

autologous HSCT. Baseline LCN2 levels originally differed

between allogeneic and autologous groups. However, it is

highly unlikely that this fact was responsible for the

observed effect in aGVHD, as the onset and course of

aGVHD depend mainly on the tissue damage caused by the

respective conditioning regimen [14]. Conditioning itself,

however, did not influence LCN2 levels in our study.

GVHD is a major contributor to mortality following

HSCT [41,42]. LCN2 was higher in patients dying from

relapse or other causes; this is in accordance with Srini-

vasan et al., who reported that LCN2 deficiency exacer-

bates sepsis [43]. Elevated LCN2 has been described as

a risk factor for all-cause mortality in the general popu-

lation [44]; the authors attribute this to the fact that

LCN2 acts as a scavenger protein for a variety of che-

motactic peptides, thereby preventing directed migration

of inflammatory cells into the tissue. In our case, this

might also contribute to autoimmune-associated damage

in cGVHD, which might explain the higher

https://doi.org/10.1016/j.exphem.2019.05.001


Figure 3. LCN2 levels correlate with overall survival (A) and relapse (B), but not non-relapse mortality (NRM) in allogeneic HSCT recipients.
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concentrations in cGVHD patients. However, whether

this is causal or an epiphenomenon cannot be deter-

mined. LCN2 also seems to play a role in autoimmune

diseases such as multiple sclerosis [45] and autoimmune
encephalomyelitis [46]; cGVHD might mimic such auto-

immune processes.

A recent study reported that LCN2 levels are higher

during acute kidney injury following HSCT [24].

https://doi.org/10.1016/j.exphem.2019.05.001
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Interestingly, LCN2 levels are influenced mainly by the

gut microbiota in a MyD88-dependent manner [47]

which also contributes to GVHD [48]. Whether this

had an effect in our cohort can only be speculated, as

we did not analyze a possible shift in the microbiome

of the patients. This question needs to be addressed in

the future.

Whether the occurrence of an active infection influ-

ences the expression of LCN2 is of interest. We did

not find a significant correlation between bacterial

infections and LCN2 levels. However, all patients

received a prophylactic antibiotic and antifungal treat-

ment during neutropenia following HSCT, which might

hinder proper diagnosis. Furthermore, LCN2 levels did

not correlate with other inflammatory markers by

means of C-reactive protein and leukocyte count. Hep-

atocytes are the major source for LCN2 during bacte-

rial infections [17]. In our cohort, LCN2 did not

correlate with cGVHD of the liver.

Possible strengths of our study comprise its prospec-

tive design, the homogenous cohorts, and the fact that

we not only used healthy controls but also autologous

patients as a second control group to account for the

effect of the conditioning regimen including the che-

motherapeutic treatment and whole-body irradiation.

Possible weak points are a rather small patient number

in each of the respective groups, the heterogenicity of

diseases before HSCT, and the fact that therefore we

cannot elucidate underlying pathomechanisms.

Our study raises several questions that need to be

addressed by follow-up studies. First and foremost,

whether LCN2 is somehow causally involved in GVHD

development needs to be clarified. Because aGVHD

and cGVHD are very different diseases, a common

underlying pathomechanism may be suspected. Several

mechanisms have been described therefore [1]. Second,

if LCN2 knockout ameliorates GVHD and whether or

not LCN2 reduction by an intravenous agent (antibody)

has similar effects need to be elucidated. We therefore

encourage other groups to verify our results.

Conclusively, we found that LCN2 is elevated in

aGVHD and cGVHD as well as in patients with

adverse outcome and relapse in a patient cohort with

hematological malignancies undergoing HSCT.
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Supplementary Figure E1. LCN2 levels do not differ between myeloablative conditioning regimen (MAC) and reduced-intensity conditioning

regimen (RIC) in allogeneic HSCT recipients.
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