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Abstract 

Natural killer (NK) cells contribute to the innate immune system and are pivotal for the defence against opportunistic 

pathogens, including fungi. Aspergillus fumigatus (AF), a filamentous mold, can cause invasive pulmonary aspergillosis in im- 

munocompromised patients, e.g. in patients after allogeneic stem cell transplantation (alloSCT). In this pilot study, we chal- 

lenged NK cell samples from alloSCT recipients collected 90, 120, and 180 days after transplantation and from healthy individ- 

uals with AF and characterize the proteome response differences. We identified 2259 differentially abundant proteins between 

the NK cell proteomes of alloSCT recipients and healthy individuals. Among these, 1118 proteins were differentially abundant 

at all time points and 1931 proteins specifically at day 180 post-alloSCT. Following stimulation of NK cells with AF, we found a 

profoundly different early proteome (day 90, n = 1652 proteins), while at day 180, only 77 proteins remained significantly dif- 

ferentially abundant . We identified, among others, a major differ entially abundant pr otein cluster related to IL27RA (including 

OAS, STAT1, and MX). Furthermore, for selected markers [granzyme A (GZMA), Neural Cell Adhesion Molecule 1 (NCAM1/CD56), 

perforin-1 (PRF1)], we confirmed our proteome data by flow cytometry in NK cells from an independent second patient and 

healthy individual cohort. In conclusion, we demonstrate the advantage of combining comprehensive proteomic profiling 

with targeted flow cytometry to investigate NK cell responses to AF. Our data analysis connects STAT1 with IL27RA as well as 

granzyme, IFNg, and NCAM1 activity, which may be exploited towards future therapeutics warranting confirmation in larger 

study cohorts. 
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Introduction 

The mold Aspergillus fumigatus is an opportunistic fungal 

pathogen that can induce life-threatening invasive pulmonary 

aspergillosis (IPA) in immunocompromised patients suffering 

from hematological malignancies or undergoing allogeneic 

stem cell transplantation (alloSCT) (Segal 2009 ). The devel- 

opment of IPA in alloSCT recipients results in mortality rates 

of up to 50% (Latge and Chamilos 2019 ) and poor progno- 

sis concerning long-term survival rates (Salmeron et al. 2012 ,

Denning 2024 ). 

The immune response to A. fumigatus comprizes a complex in-

terplay of various immune cell populations, including T and B cells

and innate macrophages, dendritic cells, neutrophils, and natu-

ral killer cells (Singh and Paterson 2005 ). However, after alloSCT,

patients experience substantial T and B cell depletion for up to 2

years until their immune system is fully reconstituted (Corre et al.

2010 ). 
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NK cells are innate immune cells that make up ∼10%–15% of 

eripheral blood mononuclear cells (PBMCs) in healthy persons 

Campbell and Hasegawa 2013 , Schmidt et al. 2017 ). Upon en- 

ountering cancer cells, NK cells get activated and release their ef- 

ector molecules granzyme A (GZMA) and perforin, which induce 

arget cell lysis (Topham and Hewitt 2009 ). In addition, NK cells 

roduce immune regulatory cytokines to stimulate and attract 

ther immune cells while also exhibiting direct cytotoxicity against 

irus-infected cells by granule release (Robertson and Ritz 1990 ). 

otably, the likelihood of developing IPA in patients undergoing 

lloSCT is significantly correlated with lower NK cell numbers and 

elayed NK cell reconstitution, according to a 12-month monitor- 

ng study (Stuehler et al. 2015 ). 

Although it has been demonstrated that NK cells are essen- 

ial to the host defence during an A. fumigatus infection, the 

nderlying cellular pathomechanisms and their specific modes 

f action during the interaction with the fungus are still elusive 

Qin et al. 2023 ). In this pilot study, we characterize the hitherto 

nknown proteome patterns of NK cells from alloSCT recipients, a 

roup of patients with a high risk to be affec ted by IPA, in compar- 

son to healthy individuals. To identify potential pathogen-driven 

iffer ences in the proteome content of NK cells from allograft re- 

ipients and healthy individuals, a proteome comparison was also 

erformed after A. fumigatus in vitro stimulation of NK cells from 

oth populations. Our data show specific, differentially abundant 

roteins in NK cells when stimulated with fungi in comparison 

o unstimulated samples with a pronounced immune-regulatory 

omponent. Furthermore, selected proteins were confirmed in an 

ndependent group of allograft recipients and healthy individu- 

ls by flow cytometry, highlighting the robustness of the fungus- 

ssociated differences in protein profiles and the potential herein 

or developing alternative treatment options for immunocompro- 

ised patients. 

aterials and methods 

atient information 

rimary NK cells from eight adult patients undergoing alloSCT 

ere included in this study. Detailed patient characteristics are 

isplayed in Supplementary Table S1 . The majority of patients 

uffered from acute leukemia (7/8) and, five out of eight re- 

eived myeloablative conditioning. GvHD prophylaxis, including 

nti-thymocyte globulin administration and antimicrobial pro- 

hylaxis, was comparable across patients. No patient relapsed 

uring the study period. Four of the eight patients developed 

cute GvHD, which did not exceed grade II. Importantly, no patient 

equired systemic corticosteroid therapy for GvHD management. 

hus, the observed findings appear to be independent of concomi- 

ant steroid exposure or other patient-specific factors. 

Peripheral EDTA-anticoagulated blood (30 ml) was collected 

rom patients at days 90, 120, and 180 after alloSCT. These time 

oints were chosen to capture distinct phases of post-transplant 

mmune reconstitution, including an early, intermediate, and late 

hase after transplantation, thereby assessing how the NK-cell 

roteomic landscape evolves over time in the clinically relevant 

eriod of heightened susceptibility to IPA. Furthermore, NK cells 

ere isolated from the blood of healthy volunteers at a single time 

oint and served as comparator cells. 

NK cell culture 

NK cell isolation was performed using the MACSxpress R Whole

Blood NK Cell Isolation Kit (negative isolation, Miltenyi Biotec).

NK cells were cryopreserved in FCS/DMSO (90%/10%) in liquid

nitrogen. Thawing of NK cells was performed using RPMI 1640

+ 10% FCS pre-warmed to 37◦C. Viability and cell number were

determined using a VICELL XR cell counter (Beckmann Coulter)

confirming consistent viabilities of at least 83% after thawing.

NK cells were pre-stimulated with interleukin-2 (IL-2, 1000 IU/ml,

ProleukinTM , Novartis) overnight, plated at a cell density of 1 × 106 

cells/ml. 

For fungal co-cultures, NK cells (1 × 106 cells/ml) were con-

fronted with A. fumigatus germ tubes (MOI 0.5) or fresh RPMI 1640

+ 10% FCS as control. After 6 h of co-culture, cells were harvested,

centrifuged (300 g , 10 min), and further processed either by diges-

tion (for subsequent proteome analysis) or processed for flow cy-

tometry analysis (validation experiments). 

Culture of A. fumigatus 

To generate A. fumigatus germ tubes, conidia (strain ATCC 46645;

106 /ml) were incubated overnight in RPMI 1640 while constantly

shaking (200 rpm) at 25◦C. Then, germ tubes were centrifuged

(5000 g , 10 min) and resuspended in fresh medium including 10%

FCS. 

In-solution digest 

Each sample was washed with phosphate-buffered saline three

times (300 g , 10 min). For cell lysis, 40 μl of trifluoroacetic acid

(TFA) was added to the cells and incubated for 10 min at room

temperature. Neutralization was performed with 400 μl 2 M Tris

(12.1 g /50 ml). Subsequently, cysteine thiols were reduced and

carbamidomethylated in one step for 30 min at 70◦C by addition

of 8.8μl each of 500 mM TCEP (tris(2-carboxyethyl)phosphine) and

625 mM 2-chloroacetamide (CAA) both solved in 100 mM TEAB (tri-

ethylammonium bicarbonate). After spectrophotometric quantifi-

cation (NanoDrop 1000, Peqlab) the same amount of protein was

adjusted for each sample. Each sample was filled up with 100 mM

Tris to gain a total volume of 450 μl and then the volume was

divided into three tubes (150 μl aliquots) and the samples were

diluted with 900 μl ultrapure water. Samples were digested for

18 h at 37◦C after addition of Trypsin/Lys-C mix (Promega) at a

protease-to-protein ratio of 1:10. Subsequently, the aliquots were

reunited, and 40 μl TFA was added to set the pH to ∼2. Samples

were desalted by peptide enrichment on C18 Spin Tips (Thermo

HyperSep C18). Tryptic peptides were eluted with 200 μl of 0.1%

TFA in 80/20 ACN/H2 O and the solvent was evaporated by vacuum

concentration. Dried peptides were resolubilized in 30 μl of 0.05%

TFA in H2 O/ACN 98/2 (v/v) filtered through 10 kDa MWCO PES mem-

brane spin filters (VWR). The filtrate was transferred to HPLC vials

and injected into the liquid chromatography–tandem mass spec-

trometry (LC–MS/MS) instrument. 

LC–MS/MS analysis 

Each sample was measured in triplicate (three analytical repli-

cates). LC–MS/MS analysis was performed on an Ultimate 3000

nano RSLC system connected to an Orbitrap Exploris 480 mass
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spectrometer (both Thermo Fisher Scientific, Waltham, MA, USA) 

with FAIMS. Peptide trapping for 5 min on an Acclaim Pep Map 100 

column (2 cm x 75 μm, 3 μm) at 5 μl/min was followed by separa- 

tion on an analytical Acclaim Pep Map RSLC nano column (50 cm 

x 75 μm, 2 μm). Mobile phase gradient elution of eluent A (0.1% 

(v/v) formic acid in water) mixed with eluent B (0.1% (v/v) formic 

acid in 90/10 acetonitrile/water) was performed using the follow- 

ing gradient: 0–5 min at 4% B, 30 min at 7% B, 60 min at 10% B, 

100 min at 15% B, 140 min at 25% B, 180 min at 45% B, 200 min at 

65% B, 210–215 min at 96% B, 215.1–240 min at 4% B. Positively 

charged ions were generated at a spray voltage of 2.2 kV using a 

stainless steel emitter attached to the Nanospray Flex Ion Source 

(Thermo Fisher Scientific). The quadrupole/orbitrap instrument 

was operated in full MS/data-dependent MS2 mode. Precursor 

ions were monitored at m / z 300–1500 at a resolution of 120 000 

FWHM (full width at half maximum) using a maximum injection 

time (ITmax) of 50 ms and 300% normalized AGC (automatic gain 

control) target. Precursor ions with a charge state of z = 2–5 were 

filtered at an isolation width of m / z 1.3 amu for further fragmen- 

tation at 28% HCD collision energy. MS2 ions were scanned at 

15 000 FWHM (ITmax = 40 ms, AGC = 200%). Four different com- 

pensation voltages were applied ( −45 V, −60 V, −75 V, −90 V) 

. 

Protein database search 

Tandem mass spectra were searched against the UniProt 

databases (2022/05/20) of Homo sapiens ( https://www. 

uniprot.org/proteomes/UP000005640 ) and A. Fumigatus 
( https://www.uniprot.org/proteomes/UP000002530 ) using Pro- 

teome Discoverer (PD2.4, Thermo) and the database search 

algorithms Mascot 2.8, MS Fragger 3.4, MS Amanda 2.0, Sequest 

HT, and MSPepSearch (spectral library from NIST, human_hcd) 

with Precursor Detector node. Two missed cleavages were al- 

lowed for the tryptic digestion. The precursor mass tolerance was 

set to 10 ppm, and the fragment mass tolerance was set to 0.02 

Da. Modifications were defined as dynamic Met oxidation, phos- 

phorylation of Ser, Thr, and Tyr, protein N-term acetylation with 

and without Met-loss as well as static Cys carbamidomethylation. 

A strict false discovery rate (FDR) < 1% (peptide and protein level) 

and search engine scores for Mascot > 30 or MS Fragger > 8 or 

MS Amanda > 300 or Xcorr > 4 was required for positive protein 

hits. The Percolator node of PD2.4 and a reverse decoy database 

was used for q-value validation of spectral matches. Only rank 1 

proteins and peptides of the top scored proteins were counted. 

Label-free protein quantification was based on the Minora algo- 

rithm of PD2.4 using the precursor abundance based on intensity 

and a signal-to-noise ratio > 5. Normalization was performed by 

using the total peptide amount method. Imputation of missing 

quan values was applied by using abundance values of 75% of 

the lowest abundance identified per sample. For the reference 

proteome analysis used for master protein abundance correction 

of the phosphoproteome data. 

Flow cytometry 

NK cells were harvested, washed (10 min at 300 g ), and extracel- 

lularly stained with anti- NCAM1/CD56 FITC, anti-CD3 APC Vio770 

along with the fixable ViobilityTM Live/Dead Dye (all Miltenyi 

Biotec). To evaluate expression of perforin (anti-PRF1 Viogreen, 

Miltenyi Biotec) and granzyme A (anti-GZMA APC, Miltenyi Biotec)

intracellular staining was performed according to the Inside Stain

Kit protocol (Miltenyi Biotec). Flow cytometric data was acquired

on a CytoFLEX (Beckman Coulter Life Sciences) and analyzed us-

ing Kaluza v2.1 software (Beckman Coulter Life Sciences). Isolated

NK cells were selected according to their forward and side scatter-

ing and single cells were gated based on SSC-A and SSC-H proper-

ties. Dead cells were excluded by live/dead staining. NK cells were

identified as CD3 negative (CD3 −). Among CD3 − cells (NK cells),

mean fluorescence intensities (MFIs) for the cell surface marker

CD56 and the intracellular markers PRF1 and GZMA were deter-

mined. MFI of an unstained sample was defined as background

and subtracted from the MFI of the corresponding stained sample.

Analysis of abundance profiles 

Statistical testing was performed by running a two tailed t -test

and, when possible, with paired data to account for donor specific

variation (e.g. stimulation of the same patient data with or without

A. fumigatus infection). 

Of note in the proteomics dataset NCAM1 was mapped to two

differ ent variant s, H7BYX6 and A0A087WTF6, of which the lat-

ter was discarded, as it was no longer annotated (since release

2024_01/2024_01) . This was not necessary for FACS data analysis,

where all abundance data were associated with NCAM1. 

For time-point independent data assessment, alloSCT recipient 

data of all three time points were merged, while for time-point de-

pendent analysis, each factor was grouped for each time-point in-

dividually. Again, two-tailed t -test statistics were computed for the

differ ent gr oups. All derived P -values were multiple-test corrected

using P -value adjustment by Benjamini–Hochberg. Enrichment 

analysis was accomplished using the R package gprofiler2 (v0.2.3),

which marks key driver ontology terms in the “highlighted” col-

umn. To exclude broad and less informative ontology terms, en-

riched categories were also filtered for background size n ≤150 and

an intersection size of n ≥3 with the protein search query. Statisti-

cal analysis was performed using R (v4.3.0) and the package rstatix

(v0.7.2). Convergence analysis of abundance profiles in alloSCT

recipients over time was accomplished by first averaging abun-

dance information and determining the absolute differ ences per

time point. Subsequently, all absolute differ ences wer e normal-

ized by dividing by the first time point absolute differ ence, f ol-

lowed by strict filtering for proteins that showed a consistent re-

duction in absolute abundance difference to healthy individuals

(HD) over time. 

Results 

Proteome analysis of NK cells from healthy 

individuals and alloSCT recipient 

At first we sought to delineate longitudinal changes in the pro-

teomic profiles of alloSCT patients in comparison with healthy

controls and to assess whether these alterations were accompa-

nied by differ ences in the anti- Aspergillus response. To this end,

NK cells collected at days 90, 120, and 180 post-alloSCT, alongside

NK cells from healthy donors, were confronted with A. fumigatus
or left untreated. A general workflow of the study is described

in Fig. 1 A. After LC–MS/MS analyses we were able to identify
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(A)

(B) (C)

Figure 1 Analysis approach of proteome data for A. fumigatus infection of human NK cells. (A) Workflow from acquisition of NK cell proteome data 

challenged with AF or not, to statistical analysis and flow cytometer validation experiments. (B) A principal component analysis of samples taken from 

patients at three different time points after alloSCT (days 90, 120, and 180) and from healthy individuals (HD) challenged with vs. without A. fumigatus .(C) 

Evaluation of statistical rigidity. Six pairwise comparisons divided into up- or down-regulated proteins were conducted and different thresholds 

evaluated. 
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791 human proteins ( Supplementary Table S2 ). A principal com- 

onent analysis revealed clear separation of samples by group, 

istinguishing alloSCT recipients at days 90, 120, and 180 post- 

ransplant from healthy individuals (HD) and further segregating 

amples by A. Fumigatus stimulation status (Fig. 1 B). We analyzed 

differ ent thr esholds f or statistical testing of six pairwise compar-

isons including tests for individual time point differences vs. HD

abundance profiles either with or without A. fumigatus stimula-

tion (Fig. 1 C). Given the expected heterogeneity across the donors

of our pilot study, an appropriate cut-off for statistical significance
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had to be determined. To enable reasonable data exploration, to 

filter for biologically plausible effects and to increase sensitivity 

while still controlling the FDR using the Benjamini–Hochberg pro- 

cedure, see Methods), we opted for using a combination of mul- 

tiple test-adjusted statistical significance by FDR ( P ≤0.10) and an 

absolute log2 (fold-change) ≥1 as basis for our subsequent analy- 

ses (Fig. 1 C). Across six comparisons for alloSCT recipient derived 

vs. HD proteomes with or without A. fumigatus stimulation, we 

identified 8457 significant differences encompassing 2676 unique 

DAPs in total over all comparisons (min = 3, max = 1846, mean = 

705, Fig. 1 C, Supplementary Table S3 ). Of these, 89% (2395) were 

upregulated in alloSCT recipients, showcasing a massive immune 

regulatory response in alloSCT recipients. 

By combining pairwise statistical test results, we first explored 

DAPs in alloSCT recipients compared to HD samples irrespective 

of the time point. We found 2259 DAPs in at least one time point 

showing a pronounced base difference between HD and alloSCT 

recipients with 49.5% ( n = 1118) time-point independent signifi- 

cant changes and 1931 DAPs that remain differentially abundant 

up to 180 days after alloSCT (Fig. 2 A). When challenging sam- 

ples with A. fumigatus , we identified 1934 DAPs (Fig. 2 B). Interest- 

ingly, while we observed a large concordance between DAPs for 

the first two time points compared to HD samples, significance 

was mainly lost at time point 180 days (1554 DAPs at 120 days, 

but only 62 across all time points, and only 77 at 180 days). This 

low DAP number at 180 days may indicate an equalization in pro- 

tein content between HD and patient NK cells after contact with 

A. fumigatus . 
To identify potential differ ences in the functional character- 

istics of alloSCT and HD samples we further conducted molec- 

ular enrichment by overrepresentation analysis ( Supplementary 

Table S3 ). For unstimulated samples, our analysis revealed a large 

number of significant Gene Ontology:Biological Process (GO:BP) 

and KEGG terms ( n = 1605) with 67 GO: BP highlighted driver on- 

tologies (Fig. 2 C, Supplementary Table S3 , Methods). These in- 

cluded a number of immune response specific terms, among oth- 

ers, "positive regulation of RIG-I signaling pathway", "negative 

regulation of NK cell mediated immunity", or "negative regula- 

tion of macrophage chemotaxis" showcasing a pronounced base 

difference in molecular function between alloSCT and HD sam- 

ples. After fungal stimulation we identified in total 1445 signifi- 

cant differences for GO: BP and KEGG terms with 80 GO: BP driver 

terms (Fig. 2 D, Supplementary Table S3 ). These included immune 

relevant terms like "negative regulation of innate immune re- 

sponse", "myeloid leukocyte cytokine production," and "T cell mi- 

gration," but also further protein and heme metabolic processes 

like "heme O/B biosynthetic processes", and "RISC complex as- 

sembly", among others. 

Of note, both enrichment sets showed independently of the 

fungal challenge a differ ential ac tivity of the "interleukin-27- 

mediated signaling pathway". While in the unstimulated setup the 

four proteins IL27RA, STAT1, oligoadenylatsynthetase (OASL), and 

MX1) were differentially abundant, again IL27RA, STAT1, OASL, and 

in addition OAS2 showed significant differential expression after 

A. fumigatus stimulation ( Supplementary Table S3 ). Given inter- 

action network analysis with STRING, STAT1 is a central regulator 

of these proteins and connects between IL27RA and OAS family 

members, a group of proteins involved in the innate immune re- 

sponse to infections, which show robust abundance over time, in- 

dicating its high biological relevance (Fig. 2 E, F). 

We next investigated the temporal dynamics of DAP fold

changes over time compared to HD into depth. As the reduc-

tion of significant stimulated factors at time-point 180 days sug-

gested (Fig. 2 B), DAPs generally showed less significance at this

time-point. Interestingly, while we observed 1564 (81%) DAPs in

both A. fumigatus stimulated and in non-stimulated results, 370

DAPs were specific in alloSCT recipients compared to HD after

A. fumigatus infection (Fig. 2 G). These, however, did not yield any

specific enriched function, except for “negative regulation of NF-

kappaB transcription factor activity” following overrepresentation 

analysis (data not shown). 

Since we hypothesize that recovering alloSCT recipients gain

a more HD resembling protein profile over time, we next sought

out to identify proteins with consistent reduction in absolute pro-

tein abundance differ ences over time. Among the differentially

abundant proteins after fungal stimulation, 496 were compati-

ble and decreasing towards HD levels at varying degrees (Fig. 3 A,

Supplementary Table S4 ). Enrichment analysis of these DAPs

showed 310 significant GO:BP and KEGG categories, of which 32

were significant ( Supplementary Table S4 ). After filtering for spe-

cific GO:BP categories, a number of immune relevant functional

categories remained, including regulation of CD4/CD25 T cell dif-

ferentiation and “granzyme-mediated programmed cell death sig-

naling pathway” (Fig. 3 B). The involved proteins were mostly up-

regulated but not significant at time-point 180 days after fungal

stimulation (Fig. 3 C). 

By bringing both GO: BP categories mentioned above together

with the category "interleukin-27-mediated signaling pathway," 

we revealed a broad interconnection between these three terms,

having again STAT1 and the cytotoxic molecules perforin and

GZMA, K, and B and the degranulation marker LAMP1 in central

roles (Fig. 3 D). As pathways-independent factor NCAM1 was in-

cluded into the network showing its strong relation to many of

the intrinsic factors, This network comprizes direct interactions of

NCAM1 with some major NK cell effec tor molecules, including the

cytolytic repertoire of NK cells and the STAT1-dependent cytokine

signalling including IL27 and IFN- γ (Fig. 3 D). 

Proteome validation by flow cytometry 

Finally, to confirm our proteome data, we complemented our

analysis by investigating selected proteins with flow cytometry

as a methodological independent quantitative protein abundance 

analysis (Fig. 4 ; patients nos. 5–8, Supplementary Table S1 ). Can-

didates were selected using an educated guess strategy in com-

bination with own pre-existing datasets. A comparison of pro-

teomics with flow cytometry for GZMA, PRF1, and NCAM1 (Fig. 4 )

revealed concordant abundance profiles across all three mark-

ers validating our proteome findings. Briefly, while time point-

independent analysis revealed weak or no significant reduction in

HD, but significant abundance decrease in alloSCT recipients af-

ter A. fumigatus stimulation (Fig. 4 A, B). The analysis of our data

per time point showed a reduction after A. fumigatus stimulation

in all three factors, again with significance only in the FACS data

(Fig. 4 C, D). This signifies that, while proteomics provided a holis-

tic insight, independent analysis by FACS was substantially more

robust and showed consistently improved statistics, underscor- 

ing the need for complementary follow-up analyses. Strikingly,

especially in the time-resolved FACS data (Fig. 4 D), we observed

that GZMA, PRF1, and NCAM1 get back to HD resembling levels
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(A) (B)

(C) (D)

(E) (F) (G)

Figure 2 Differentially abundant proteins (DAPs). (A–B) Venn diagrams showing intersections and time-point specific responses without (A) A. fumigatus 
(AF) and with (B) AF stimulation. (C–D) overrepresentation analysis results for driver terms of Gene Ontology: Biological Processes (Methods) present in 

NK cells in absence (C) and presence (D) of AF. Interaction network analysis using STRING (E) and detailed abundance pattern over time and by fold 

change/adjusted P value (F) of significantly differing proteins associated to the IL27-mediated signaling pathway (GO:0 070 106, bold in C–D). (G) 

AF-status differ ences of time-point independent DAPs. 
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(A) (B)

(C)

(D)

Figure 3 DAPs after fungal stimulation (AF) filtered for strict decreasing over time. (A) Degree of decrease (days 90, 120, and 180) towards healthy control 

levels ( Supplementary Table S4 ). (B) Enrichment analysis of DAPs showing significant Gene Ontology:Biological Process (GO:BP). (C) DAPs of selected 

immunorelevant functional categories (GO:0 140 507, granzyme-mediated programmed cell death signaling pathway; GO:0 032 831, positive regulation 

of CD4-positive, CD25-positive, alpha–beta regulatory T cell differentiation) ordered by stimulation condition and by fold change/adjusted P value. (D) 

Interaction network analysis of three selected immunoregulatory enriched categories in context of NCAM1 interaction using STRING. 

https://academic.oup.com/microlife/article-lookup/doi/10.1093/femsml/uqag020#supplementary-data
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(A) (B)

(C) (D)

Figure 4 Proteome validation by methodological independent quantitative protein abundance analysis (fluorescence cytometry, FACS). (A–B) 

Time-point-independent analysis of selected protein factors (GZMA/granzyme A, PRF1, perforin, and NCAM1/CD56) comparing proteome (A) and FACS (B) 

data. (C–D) Time point resolved abundance and statistical analysis comparing proteome (C) and FACS (D) data. Adjusted P according to two tailed t -test 

statistics: ∗∗∗∗: P ≤1e-4, ∗∗∗: P ≤0.001, ∗∗: P ≤0.01, ∗: P ≤0.05, + : P ≤0.1, ns: not significant. Unstim: unstimulated data. AF_stim: A. fumigatus stimulated 

data. MFI: mean fluorescence intensities 

o

d

d

i

H

F

a

(

t

r

w

c

ver time, both in unstimulated and in A. fumigatus stimulated 

ata with high reproducibility. Whereas time-point-independent 

ata showed a significant decrease after A. fumigatus stimulation 

n alloSCT recipients ( P ≤0.001), which was less pronounced in 

D ( P ≤0.05 for PRF1 and NCAM1, and not significant for GZMA, 

ig. 4 B), time point-resolved data showed significant decrease in 

t least two time points in alloSCT recipients ( P ≤0.1) and in HD 

 P ≤0.1, except for GZMA, Fig. 4 D). In summary, our data suggest 

hat in the course of an alloSCT, expression of a selection of NK cell- 

elevant functional proteins becomes similar to that of HD. This 

as particularly evident in connection with the stimulation of NK 

ells with A. fumigatus , whereas the composition in unstimulated 

cells was still quite differ ent be tween HD and r ecipient s of an allo-

graft. 

Discussion 

The proteome composition of human NK cells interacting with

A. fumigatus is so far unknown and most proteomic study on NK

cells focused on their antiviral response (Bi et al. 2023 ). How-

ever, knowledge about specific DAPs can give important insights

in the biological function of NK cells during their defence against
 

 

 

 

 

 

pathogens, including molds. Furthermore, and of particular rele- 
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vance are DAPs from NK cells isolated from patients receiving an al- 

lograft. Such patients are frequently affected by IPA, which implies 

potential immune cell functional deficiencies compared to intact 

immune responses observed in healthy individuals. To our knowl- 

edge for the first time, we here compared the proteome patterns 

of primary NK cells collected from randomly selected recipients of 

an allograft at defined time points post-transplant and from HD. In 

addition, the study aimed to explore differences in the NK cell pro- 

teomes between alloSCT samples and HD samples stimulated in 

vitro with the fungal pathogen A. fumigatus. Our data analysis was 

conducted in an exploratory manner, identifying a broad range 

of dynamically regulated molecular functions, which we summa- 

rized into principal protein signatures. From these, we distilled 

selected key proteins that may serve as a basis for future, larger 

and more standardized studies. Notably, several DAPs—beyond 

those involved in IL-27 signaling—were also associated with path- 

ways such as RIG-I signaling, host heme biosynthesis, and pro- 

tein deneddylation, which merit further investigation in dedicated 

follow-up studies. 

The collection of the patient samples followed the same longi- 

tudinal approach as previously described (Weiss et al. 2020 ). This 

allowed the monitoring of protein expression by proteomics and 

flow cytometry until six months after alloSCT. Interestingly, anal- 

ysis of a broad range of clinical data revealed that there was no 

significant impact of the clinical variables tested, including differ- 

ent infectious complications ( Supplementary Table 1 ). Four of the 

eight patients developed acute Graft versus Host Disease (GvHD), 

but not beyond grade II. Importantly, no patient required systemic 

corticosteroid therapy for GvHD management, a factor that could 

have directly influenced NK cell functionality (Luo et al. 2025 ). 

Noteworthy, patient no. 7 had a single positive galactomannan 

(GM) test in the Bronchoalveolar Lavage Fluid at day 6 after al- 

loSCT, however, all additional GM tests as well as ß-glucan assays 

remained negative, including tests which were performed shortly 

around NK cell sampling (at days 70 and 99). Therefore, we assume 

that the positive GM test result, which was 84 days prior to the first 

NK cell collection, did not affect their antifungal efficacy. 

NK cells are essential during fungal infections, which has been 

shown in mouse models as well as in clinical studies. As an ex- 

ample, Stuehler et al. ( 2015 ) monitored recipients of an allograft

over 12 months and found a clear correlation between reduced 

NK cell counts and delayed NK cell reconstitution with a higher 

risk of developing invasive aspergillosis in patients receiving SCT 

(Stuehler et al. 2015 ). In a previous study, we collected peripheral 

blood from allograft recipients at defined time points after alloSCT 

(days 60, 90, 120, and 180). By using multiplex immunoassays, we 

were able to describe substantial immune dysfunctions in patient 

NK cells compared to NK cells from healthy individuals, which per- 

sisted until 180 days post-alloSCT (Weiss et al. 2020 ). However, 

the overall NK cell characteristics during confrontation with a fun- 

gal pathogen remained largely unknown. While next generation 

sequencing studies have shown that the transcriptomes of im- 

mune cells change over time and show characteristic gene expres- 

sion patterns after stimulation with A. fumigatus (Seelbinder et al. 

2020 ), the proteome patterns of human NK cells, stimulated with 

A. fumigatus , remained to be characterized. 

Exploratory studies are conducted to identify key variables, 

generate hypotheses, and to establish the feasibility for larger 

studies. Our pilot study revealed large numbers of DAPs in the dif- 

ferent settings. Even at day 180 after alloSCT, 1931 DAPs still ex- 

isted between unstimulated NK cells isolated from patients and

from HD, indicating that such differ ences in the protein compo-

sition might exist protractedly. In contrast, if NK cells from pa-

tients or HD are challenged with A. fumigatus , DAPs were numer-

ous at earlier time points after transplantation only (until day 120),

adapting the protein composition after 180 days, possibly indicat-

ing a functional approach of these NK cells to healthy individuals.

However, we cannot rule out that the loss in significance at later

time-points might be due to study size, patient heterogeneity and

history, despite controlling for donor origin as co-factor in our sta-

tistical designs. 

Among others, our proteome data sets revealed IL27RA as a ma-

jor, differentially abundant protein (together with different others

from this protein cluster, including OAS, STAT1, and MX, Figs. 2 , 3 ).

IL27RA builds up together with the gp130 subunit a functional re-

ceptor complex, which binds IL27 and which activates JAK1 and

STAT1 signals. IL27 is a key player in the IL15/IL18-mediated ac-

tivation of NK cells (Choi et al. 2019 ), and has both, pro- and

anti- inflammatory properties. In general, IL27 is a potent T cell

immune modulator, enhancing Th1 differentiation, antagoniz- 

ing Th17 cells, and promoting Treg responses against Aspergillus
(Thompson and Orr 2018 ). Recently, Strickland et al. 2022 ) were

able to show that IL27 is required for growth inhibition of

A. fumigatus in the lung. This increased growth of A. fumigatus in
IL27RA −/ − mice was associated with reduced IL12, TNFa, and

Tbet expression, as well as reduced CD4 cell counts in murine

lungs (Strickland et al. 2022 ). While their work relies on defined

murine models, our study investigates human NK cells derived

from hematopoietic stem cell transplant recipients. This allows

identifying a broader temporal proteomic program associated 

with NK-cell responsiveness to A. fumigatus across different stages

after transplanta tion. Furthermore, our da ta reve aled tha t IL-27A

is linked to specific functional and molecular features of NK-cell

antifungal activation in this patient population, thereby offering a

more detailed mechanistic framework for understanding how NK-

cell responses are shaped during immune reconstitution. 

Furthermore, IL27 is able to sensitize NK cells to augment both

in vitro and in vivo responses mediated via the A. fumigatus recep-

tor NKG2D (Kumar et al. 2019 , Charpak-Amikam et al. 2024 ). No-

tably, also STAT1, a major transcription factor in NK cells, showed

statistically significant differences, a major transcription factor in

NK cells. STAT1 regulates, among many other functions, the pro-

duction of interferon- γ , which is a key player in the NK cell depen-

dent activation of T cells and can restore immune function to cer-

tain extend in fungal sepsis patients (Delsing et al. 2014 ). 

Finally, we complemented our proteome analysis by quanti-

fying the abundancy of selected proteins (NCAM1, GZMA, PRF1)

using flow cytometry, an alternative method that allows pro-

tein quantification independent from LC–MS based proteomics 

(Fig. 4 ). This comparative analysis was again carried out in the

form of a time series. For NCAM1, we detected higher gen-

eral abundances in patients after alloSCT compared to HD by

both methods (especially at day 90, with a markedly higher

level of NCAM1 abundance). Interestingly, levels of NCAM1 abun-

dancy were comparable at day 180 between healthy individ-

uals and allograft recipients. The observation that early after

alloSCT, NK cells display a higher percentage of NCAM1bright 

cells is in agreement with our previous study results (Weiss

et al. 2020 ) and could be confirmed in the current study (data

not shown). After stimulation of NK cells with A. fumigatus ,
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e confirmed the reduction of NCAM1 abundancy in NK cells iso- 

ated from healthy individuals and alloSCT recipients, observed in 

ur proteome data, with flow cytometry (independent of the time 

oint). The fact that NCAM1 relocalizes partly to the immunolog- 

cal synapse after A. fumigatus GAG stimulation was shown previ- 

usly for healthy individuals (Ziegler et al. 2017 , Heilig et al. 2024 ). 

n addition to this receptor relocalization, it is well known that 

CAM1 is party internalized and rapidly degraded in the NK cell 

ytoplasm (Santiago et al. 2018 ). Lastly, the predominantly found 

CAM1bright phenotype early after alloSCT reflects relatively im- 

ature NK cells with little cytolytic activity but a high capacity 

o release cytokines. In consequence, these NK cells mainly con- 

ribute to the attraction of further immune cell populations, such 

s macrophages and PMN, immune cells which potentially might 

ave immature phenotypes and limited immune functions as well. 

omplete matching with the phenotype of NK cells from HD ap- 

ears to be achieved only 180 d after alloSCT. 

Perforin-1 (PRF1) and granzyme A (GZMA) are both secreted af- 

er treatment of NK cells with A. fumigatus (Bouzani et al. 2011 ). In 

onsequence, we hypothesize that reduced abundancies of both 

arkers detected by FACS and proteomics are due to the fact that 

oth markers were secreted subsequent to fungal NK cell stimu- 

ation and, in consequence, were not detectable by both methods 

fter fungal challenge. This reduction was reproducibly observed 

n NK cells from allograft recipients as well as in healthy NK cells. 

nterestingly, PRF1 and GZMA abundances were similar between 

ealthy individuals and allograft recipients already 180 days after 

lloSCT. 

To assess whether the differential abundance of NCAM1, PRF1, 

nd GZMA observed upon A. fumigatus stimulation is conserved 

cross Aspergillus species, we performed an additional indepen- 

ent pilot study based on flow cytometry, using NK cells from 

ealthy donors and alloSCT patients, stimulated with A. flavus and 

. terreus , respectively. Stimulation of NK cells from both cohorts 

ith both fungi largely recapitulated the A. fumigatus -associated 

eduction in NCAM1 abundance, while, unlike with A. fumigatus , 
RF1 and GZMA levels remained largely unchanged across co- 

orts (data not shown). Together, these data support a model in 

hich Aspergillus species differentially modulate NK cell pheno- 

ype. This is consistent with species-specific differ ences in fun- 

al cell wall architecture and immune recognition, and may con- 

ribute to the distinct clinical behavior and immune evasion strate- 

ies described for different Aspergillus species (van de Veerdonk 

t al. 2008 , Lass-Florl et al. 2021 ). However, given the pilot nature 

f this study, larger-scale investigations integrating proteome- 

ide analyses and systematic cross-species comparisons will be 

equired to robustly define species-specific NK cell responses. 

Despite the fact that this pilot study shows major limita- 

ions especially in the small sample size, we were able to ob- 

ain a large number of significant DAPs, which differed in stim- 

lated and unstimulated NK cells as well as between allo- 

raft recipients and healthy individuals, respectively. In conse- 

uence, our study exemplifies the feasibility and meaningful- 

ess of proteome analyses under the chosen experimental set- 

ings and samples and can serve as a basis for future large 

ell-designed studies. While our proteomics data enabled us 

o characterize the NK cell immune response in alloSCT recip- 

ents from a macro-perspective, the subsequent flow cytome- 

ry was essential to provide reproducible insights into the time- 

esolved recovery of infection-relevant immune response, for par- 

ticularly relevant, selected markers. Future studies have the po-

tential to define promising NK cell candidate proteins for ex-

ample as targets for immunotherapy and to identify specific

biomarkers, which are relevant in the NK cell—A. fumigatus
interplay, especially in early post-transplant patients. 
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