
Integrative analysis correlates donor transcripts to recipient autoan-
tibodies in primary graft dysfunction after lung transplantation

Introduction

Development of pulmonary infiltrates and impaired oxy-
genation within the first 3 days after lung transplantation,
defined as primary graft dysfunction (PGD), affects an
estimated 10–25% of transplanted patients.1 Patients with
PGD have markedly worse 90-day post-operative mortal-
ity and 3-year survival.2 The specific aetiology and patho-
genesis of PGD is not well understood but is thought to
be the result of complex interactions between donor lung
and recipient immune system.3 Injuries to pulmonary

epithelium and endothelium by reactive oxygen species,
initiation of aggressive inflammatory cascades, and
increases in pro-coagulant and vasoconstriction factors
have all been implicated.3–6

Autoimmunity, specifically T-cell autoreactivity towards
type V collagen (COL5), has been associated with the
development of PGD.6 It is well established that reactivity
towards this protein is also associated with the develop-
ment of obliterative bronchiolitis.7 Recently, the autoanti-
body repertoires in the blood of recipients at various
stages of chronic lung rejection in the form of obliterative
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Summary

Up to one in four lung-transplanted patients develop pulmonary infil-
trates and impaired oxygenation within the first days after lung transplan-
tation. Known as primary graft dysfunction (PGD), this condition
increases mortality significantly. Complex interactions between donor
lung and recipient immune system are the suspected cause. We took an
integrative, systems-level approach by first exploring whether the recipi-
ent’s immune response to PGD includes the development of long-lasting
autoreactivity. We next explored whether proteins displaying such differ-
ential autoreactivity also display differential gene expression in donor
lungs that later develop PGD compared with those that did not. We eval-
uated 39 patients from whom autoantibody profiles were already available
for PGD based on chest radiographs and oxygenation data. An additional
nine patients were evaluated for PGD based on their medical records and
set aside for validation. From two recent donor lung gene expression
studies, we reanalysed and paired gene profiles with autoantibody profiles.
Primary graft dysfunction can be distinguished by a profile of differen-
tially reactive autoantibodies binding to 17 proteins. Functional analysis
showed that 12 of these proteins are part of a protein–protein interaction
network (P = 3 · 10)6) involved in proliferative processes. A nearest cen-
troid classifier assigned correct PGD grades to eight out of the nine
patients in the validation cohort (P = 0!048). We observed significant
positive correlation (r = 0!63, P = 0!011) between differences in IgM reac-
tivity and differences in gene expression levels. This connection between
donor lung gene expression and long-lasting recipient IgM autoantibodies
towards a specific set of proteins suggests a mechanism for the develop-
ment of autoimmunity in PGD.

Keywords: autoantibodies; lung transplantation; microarrays; primary
graft dysfunction
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bronchiolitis were studied using an antigen microarray
containing hundreds of self-molecules.8 It was found that
a profile of autoantibodies binding to 28 proteins or their
peptides could differentiate between mild and severe
chronic rejection. Here, we explored whether the recipi-
ents’ immune response to PGD also includes a long-last-
ing, informative repertoire of autoantibodies.
Comparing donor lungs developing PGD with those

that did not has identified significantly different expres-
sion for hundreds of genes involved in both signalling
and stress-activated pathways.9,10 We reasoned that such
differential expression of genes encoding naturally autore-
active proteins might trigger altered levels of autoantibod-
ies against these proteins. Such a correlation would be
consistent with the hypothesis that the natural autoanti-
body repertoire reflects the immunogenic body state – the
immunological homunculus.11

We took an integrative, systems-level analysis approach
by evaluating 39 patients, for whom autoantibody profiles
were already available, for PGD based on chest radio-
graphs and oxygenation data. We found that 19 patients
had no indication of PGD whereas 20 patients manifested
PGD grade 1 or higher. We paired the autoantibody pro-
files with gene expression profiles from two recent studies
comparing donor lungs that developed PGD with those
that did not. We report that PGD can be differentiated
by a profile of differentially reactive autoantibodies, most
of which are connected in a protein–protein interaction
network involved in proliferative processes such as regula-
tion of development and cell communication. Further-
more, for the implicated proteins, we observed significant
positive correlation between differential IgM reactivity
and differential gene expression levels in the presence or
absence of PGD (increased expression associated with
increased reactivity and vice versa).

Materials and methods

Autoantibody profiling data

Patients attending scheduled visits during a half-year per-
iod in the out-patient clinic at the Danish National Lung
Transplant Programme were included in the study. The
transplant programme has been described in detail previ-
ously.8,12 For 39 patients, PGD could be evaluated retro-
spectively from chest radiographs and oxygenation data
pertaining to the first 72 post-operative hours. Table 1
presents clinical characteristics for this patient cohort. An
additional nine patients for whom reactivity data were
also available, but whose original chest radiographs had
been discarded, were set aside for validation. In this
validation cohort, the presence or absence of PGD was
ascertained from patient journals (which included day-to-
day observations from chest radiographs describing the
presence or absence of pulmonary oedema and infiltrates

during the first 72 hr as well as documentation for treat-
ment with nasal oxygen when this had been used).
Reactivity data for IgG and IgM antibody binding in

sera from these patients were retrieved from http://www.
nanotech.dtu.dk/Research/Theory/SSS/Research/LungTrans-
plant.aspx. Antigen microarray preparation, incubation of
serum and fluorescent anti-IgG and anti-IgM antibodies,
laser scanning and data pre-processing have been
described previously.8 Briefly, 504 antigens were judged
positive for IgG antibody binding (signal-to-noise ratio

Table 1. Clinical characteristics of patients. Comparison of clinical

parameters and primary graft dysfunction (PGD) grades

All

(n = 39)

PGD 0

(n = 19)

PGD " 1

(n = 20) P

Recipient age (years)

< 40 5 1 4 ns

40–49 5 2 3

50–59 13 9 4

60–69 12 6 6

" 70 4 1 3

Recipient sex

Male 20 13 7 0!06
Female 19 6 13

Donor age (years)

< 20 5 3 2 ns

20–29 7 3 4

30–39 7 5 2

40–49 11 4 7

" 50 9 4 5

Donor sex

Male 23 16 7 0!003
Female 16 3 13

Primary diagnosis

COPD 14 6 8 ns

A1AT 15 10 5

CF 6 2 4

Other 4 1 3

Antihypertensive treatment

+ 35 17 18 ns

) 4 2 2

Number of treated rejections > A1

0 6 1 5 ns

1 7 4 3

2 9 3 6

3 7 4 3

" 4 10 7 3

BOS grade

0, 0-p, 1 24 14 10 ns

2, 3 15 5 10

Months after transplant

Average 72 79 66 ns

P-values were calculated using Fisher’s exact test (ns: P-value > 0!1),
except for the average number of months after transplantation,

where the Wilcoxon rank sum test were used.

A1AT, alpha-1-anti-trypsin; BOS, bronchiolitis obliterans syndrome;

COPD, chronic obstructive pulmonary disease; CF, cystic fibrosis.

2 ! 2010 The Authors. Immunology ! 2010 Blackwell Publishing Ltd, Immunology

P. H. Hagedorn et al.



> 2 in at least four patients) and 610 antigens were
judged positive for IgM antibody binding (473 antigens
overlapping). These antigens cover 272 recombinant pro-
teins and synthetic peptides from the sequences of key
proteins. The log2-transformed, median centred, mea-
sured intensity of an antigen is denoted the reactivity of
the antigen.

Transcript profiling data

Data from two gene expression studies (GSE8021 and
GSE9102)9,10 were retrieved from the Gene Expression
Omnibus database.13 Both studies contrasted samples
from donor lungs that later developed PGD against donor
lungs that did not. For the GSE9102 study, cDNA micro-
array data as pre-processed by the authors were used, and
covered expression measurements for 6727 ENSEMBL build
55 human genes (jul2009.archive.ensembl.org). When sev-
eral probes were available for the same gene, the probe
displaying the most significant differential expression was
selected to represent that gene. For the GSE8021 study,
the original raw data were processed as follows. Affyme-
trix Human Genome U133A 2.0 Array probes were
remapped to 11894 different ENSEMBL build 55 human
genes.14 Using these redefined probe sets, probe intensities
were summarized and made comparable between arrays
by quantile normalization as implemented in the Robust
Multi-Array Average expression measure.15 It was possible
to identify corresponding gene expression for 242 of the
272 proteins on the antigen microarray (89%).

Identification of differentially reactive proteins and
differentially expressed genes

For each antigen and detection antibody, differential reac-
tivity between patients without PGD (n = 19) and
patients with PGD (n = 20) was evaluated by calculating
ratios (fold-changes), t-statistics and P-values. For each
gene measured, differential expression between donor
lungs developing PGD (16 and 10) and those that did not
(34 and 16) were similarly evaluated by ratios, t-statistics
and P-values. Multiple testing was controlled using the
false discovery rate.16

Constructing a high-confidence network of human
protein interactions

A human protein interaction network was created by
pooling human interaction data from several of the
largest databases.17 Coverage was further increased by
transferring data from model organisms. A network-
wide confidence score for all interactions, based on net-
work topology, experimental type and interaction repro-
ducibility, was then established. The reliability of this
score as a measure of interaction confidence was con-

firmed by fitting a calibration curve of the score against
a high-confidence set of about 35 000 human interac-
tions. As previously described,8 all interactions with a
confidence score above 0!154 were included, resulting in
a network containing approximately 154 000 unique
interactions between approximately 12 500 human pro-
teins. Out of the 272 proteins on the antigen micro-
array, 260 (96%) were among these.

Significance and biological themes of networks

As described previously,8 the statistical significance of the
number of proteins in a network (the size) extracted from
a given larger set of proteins, was estimated by randomly
selecting sets of proteins of the same size, each time record-
ing the size of the largest network possible to extract. For
107 such randomizations, the proportion of random sets of
proteins for which equally sized or larger networks could
be extracted, establishes the P-value of the network
extracted from the original protein set. Over-represented
biological processes among proteins in networks were iden-
tified by hypergeometric testing of gene ontology terms.

Results

Antibody reactivities reflect PGD grade

Out of the 48 patients for which IgG and IgM reactivity
data were available,8 we could grade 39 patients according
to PGD using chest radiographs and oxygenation data. In
this cohort, each antigen included was tested for differen-
tial reactivity between patients having had PGD (n = 20)
and patients without PGD (n = 19) using Student’s t-test.
The baseline clinical characteristics of the two groups
were well matched except that there were a higher pro-
portion of female donors in the PGD group than in the
group without PGD (see Table 1).
At a significance threshold of P < 0!001 (equal to false

discovery rate < 0!15), we identified only a single antigen,
telomerase-associated protein 1, displaying fourfold
increased reactivity in patients with PGD. Comparing
changes in IgG reactivity with changes in IgM reactivity
for each antigen included on the microarray, however, we
observed that the lower the P-values for these changes,
the more frequently they changed in the same direction,
see Supporting Information for Fig. S1. Requiring
P < 0!05 for the differential reactivity of both IgG and
IgM, 16 different proteins (corresponding to 46 different
antigens, because several peptides from the same protein
were usually detected), were identified.
With these significance thresholds, 17 proteins were iden-

tified in all (Table 2). For each protein, the reactivity
changes listed are for the most significant antigen identified.
Out of the 17 proteins identified in this manner, six

proteins (HSPD1, HSP90AA1, IGF1R, PRKCA, TARP,
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and TP53) were previously found to be differentially reac-
tive in connection with bronchiolitis obliterans syndrome
(BOS).8 Two-factor analysis of variance for these proteins,
with PGD and BOS as the factors, still identified all pro-
teins except TP53 (P = 0!11) as displaying significant dif-
ferences for PGD (P < 0!05), see Table 3 and Supporting
Information for Fig. S2.

PGD profile is organized in a specific protein
interaction network

We analysed the known interactions between the 17 pro-
teins that displayed significant differential autoantibody
reactivity (Table 2). This allowed us to examine whether
the informative antigens formed networks with specific
biological functions. Other large-scale data integrative
methods have shown that well-defined interaction net-
works can often be functionally related to pathological
processes and complex diseases.8,17

For 15 of the 17 proteins, interaction data were avail-
able, and we identified an interconnected network consist-
ing of 12 proteins, which is significantly more than would
be expected by chance (P = 3 · 10)6) as determined by
randomly selecting 15 proteins out of the 260 proteins on
the array where interaction data are available, recording
the largest interconnected network possible to construct
from these, and repeating this 107 times. Also shown in
Fig. 1 are the results of hypergeometric testing on the gene

ontology biological process terms assigned to the proteins
in the network. Regulation of developmental process
(P < 5 · 10)5) and cell communication (P < 5 · 10)4)
were two of the most significantly enriched terms.

PGD profile can be used to predict PGD status in an
independent patient cohort

In the validation cohort of nine patients, six had PGD
grade 1, and for the remaining three there was no evi-

Table 2. Autoreactivity and expression changes for the significant proteins

Gene symbol

IgG reactivity IgM reactivity mRNA GSE8021 mRNA GSE9102

Gene Namelog2 ratio P log2 ratio P log2 ratio P log2 ratio P

EGFR 1!73 0!0029 1!30 0!011 )0!04 0!55 )0!33 0!083 Epidermal growth factor receptor

MBP 0!93 0!0047 0!53 0!015 0!05 0!47 Myelin basic protein

MLANA 0!73 0!0027 0!88 0!0070 0!03 0!42 )0!15 0!31 Melan-A

MUC1 4!36 0!024 2!09 0!045 0!02 0!88 Mucin 1, cell surface associated

MYCL1 2!35 0!041 0!94 0!0057 0!14 0!064 0!32 0!090 v-myc myelocytomatosis viral oncogene 1

PLCG1 2!03 0!018 0!86 0!018 )0!04 0!53 Phospholipase C, gamma 1

PRKCA 1!63 0!021 2!40 0!028 0!12 0!067 0!24 0!021 Protein kinase C, alpha

HSP90AA1 0!91 0!0015 )1!14 0!0060 )0!12 0!27 Heat shock protein 90kDa alpha, A1

IGF1R 2!98 0!013 )0!58 0!018 )0!16 0!33 Insulin-like growth factor 1 receptor

RB1 0!73 0!035 )0!67 0!019 )0!06 0!59 Retinoblastoma 1 (including osteosarcoma)

CERK )0!50 0!040 0!96 0!0035 0!16 0!098 0!02 0!87 Ceramide kinase

HSPD1 )0!66 0!0043 2!49 0!0047 Heat shock 60kDa protein 1 (chaperonin)

TEP1 )1!40 0!20 2!16 0!0009 0!04 0!51 Telomerase-associated protein 1

CYP3A4 )1!07 0!0084 )0!52 0!026 0!03 0!59 Cytochrome P450, 3A4

SOCS3 )0!47 0!0065 )0!83 0!023 )0!27 0!17 )0!56 0!050 Suppressor of cytokine signaling 3

TARP )0!37 0!0013 1!37 0!013 TCR gamma alt. reading frame protein

TP53 )0!56 0!028 )0!60 0!049 )0!01 0!97 Tumor protein p53

The 17 proteins displaying significant IgG and/or IgM reactivity changes between patients having developed primary graft dysfunction compared

with those that did not are listed.

For each protein, the log2 transformed reactivity ratio and P-value (Student’s t-test) for the most significant antigen are shown. Gene expression

changes between donor lungs developing PGD compared with those that do not, as measured in two independent studies, are also listed (log2
transformed expression ratio and P-value from Student’s t-test).

Table 3. Analysis of autoreactivities including both bronchiolitis

obliterans syndrome (BOS) and primary graft dysfunction (PGD)

status

Gene symbol

P (BOS

IgG)

P (PGD

IgG)

P (BOS

IgM)

P (PGD

IgM)

HSPD1 0!031 0!016 0!064 0!0087
HSP90AA1 0!10 0!0042 0!048 0!016
IGF1R 0!18 0!020 0!050 0!050
PRKCA 0!041 0!049 0!28 0!040
TARP 0!032 0!0052 0!0085 0!030
TP53 0!021 0!090 0!095 0!11

Autoreactivities from the 39 patients were analysed using two-way

analysis of variance for the six antigens also identified previously.8

The table lists the resulting P-values for each detection antibody

(IgG and IgM) for BOS and PGD. See Fig. S2 for distributions of

reactivities for the six antigens.
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dence to suggest PGD. All patients were extubated in the
first 24 hr and none qualified for a PGD grade 2 or
higher. A nearest centroid classifier18 was constructed
from the 17 differentially reactive proteins identified
(Fig. 2a), and was used to predict the PGD grades of the
nine patients in this validation cohort (Fig. 2b). Here, five
out of six patients having had PGD were correctly identi-
fied (83% sensitivity), and all three patients without PGD
were classified as such (100% specificity), giving an over-
all classification accuracy of 89% (P = 0!048 by Fisher’s
exact test). This is comparable to the classification accu-
racy in the test set (85%).

Identifying transcript differences for the proteins with
altered reactivity

Two recent studies have investigated gene expression dif-
ferences in donor lungs developing PGD9,10 Differential
gene expression in each study was evaluated using Stu-
dent’s t-test. Out of the 17 differentially reactive proteins
identified, 15 proteins could be paired with gene expres-
sion in the first study,9 and six with expressions from the
second study10 (Table 2).
Comparing differences in IgM reactivity with differ-

ences in gene expression levels in the first study (study

GSE8021 in Table 2), 12 out of 15 change in the same
direction (80% concordance, P = 0!04 by Fisher’s Exact
Test), i.e. increased expression is significantly associated
with increased reactivity and vice versa. The same conclu-
sion is reached when calculating Pearson’s product–
moment correlation (r = 0!63, P = 0!011), see Fig. 3(a).
For IgG reactivity, no significant correlation with gene
expression changes was observed (r = ) 0!01, P = 0!98).
Inspection of the P-values for the differential expres-

sions (study GSE8021 in Table 2) showed that none of
them had P < 0!05, which is usually a standard threshold
of significance. Still, five out of six genes displayed the
same direction as well as magnitude of change when com-
pared with the second gene expression study (GSE9102 in
Table 2), which is a significant correlation (r = 0!91,
P = 0!013), see Fig 3(b).

Discussion

This study demonstrates that lung transplant recipients
manifest widespread IgG and IgM autoantibody reactivity,
and that specific patterns of reactivity to self-antigens dis-
criminate between patients with and without PGD.
It has been speculated that PGD may induce or acceler-

ate chronic rejection in the form BOS, although conflict-
ing results have been published.2 We observed no
significant correlation between BOS and PGD grades
among the 39 patients included in this study (Table 1).
However, six (35%) out of the 17 informative proteins
were also observed to be informative with respect to

IGF1R

RB1

SOCS3

HSP90AA1

CYP3A4

TP53

HSPD1MUC1

PLCG1

MBP

TEP1

CERK

EGFR

MYCL1

PRKCA

Regulation of developmental process
(P < 5e–5, n = 6)

Log2 reactivity ratio

< –1·3 0 
IgG

MLANATARP

Cell communication
(P < 5e–4, n = 9)

> 1·3
IgM

Figure 1. Primary graft dysfunction (PGD) network. Network of the

12 differentially reactive proteins that interact directly. Biological

themes summarizing over-represented biological processes in the net-

work are indicated. The five differentially reactive proteins not in the

network are also shown for completeness.

18 4

2 15

90% 79%

P < 0·001

Classified
as PGD

Classified
as without

PGD

85% overall

Percentage
agreement

with clinical
diagnosis

20 19

PGD

(a) (b)

No PGD

Training set
n = 39

Clinical diagnosis
from chest

radiographs and
oxygenation data

Nearest centroid
classification

5 0

1 3

83% 100%

P = 0·048

Classified
as PGD

Classified
as without

PGD

89% overall

Percentage
agreement

with clinical
diagnosis

6 3

PGD No PGD

Validation set
n = 9

Clinical diagnosis
from medical

records

Nearest centroid
classification

Figure 2. Classification and prediction of primary graft dysfunction

(PGD) status. (a) The 17 proteins identified were used for PGD class

prediction in the training set using a nearest centroid (NC) classifi-

cation algorithm. (b) The trained NC classifier was then used for

PGD class prediction in the validation set. Results are shown in

modified 2 · 2 contingency tables that were used to calculate the

percentage of classifications that agreed with clinical diagnosis. P-val-

ues were calculated with Fisher’s exact test.
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BOS.8 A two-factor analysis of variance including both
BOS and PGD as factors in general confirms the signifi-
cant differential reactivity with respect to both factors
(Table 3 and Fig. S2). The association of these six pro-
teins with both BOS and PGD could suggest a possible
immunological link between early graft injury and later
chronic rejection, as has been proposed by others.19

We extended the biological meaning of the profile of
autoreactive proteins by integrating information about
interactions between the proteins as well as their func-
tional roles. Indeed, out of the 17 proteins identified, 12
proteins could be organized in a network with a distinct
biological profile involved in regulation of development
and cellular communication (Fig. 1), both of which play
a role in coordinating cellular proliferation. Comparing
with expression levels in donor lungs as measured in two
already published studies9,10 for the genes encoding 15 of
the 17 proteins, we observed significant positive correla-
tion with autoreactivity changes in the recipients. This
correlation was observed even though the gene expres-
sions and autoreactivity were measured in different
patient cohorts.

The interpretation of these correlated molecular events
with respect to PGD is not straightforward. Downstream
signalling from both EGFR and IGF1R, which are central
components in the protein network in Fig. 1, typically
includes activation of the mitogen-activated protein
kinase cascade and subsequent transcriptional activation
of immediate-early genes such as the activating protein 1
(AP-1) transcription factor subunits FOS and JUN.20

Indeed, AP-1 is known to regulate processes such as pro-
liferation and transformation, which meshes well with the
biological profile of the identified proteins (Fig. 1 and
Table 2). Interrogation of FOS and JUN gene expression
in the GSE8021 study showed that FOS displays almost
two-fold lower expression and JUN 1.2-fold lower expres-
sion in donor lungs that later developed PGD compared
with those that did not (both with P < 0!05).
In clinical studies with lung biopsies, PGD has been

associated with acute alveolar damage early and fibrosis
later, leading to reduced lung volumes.21 The fibrotic
response in inflamed airways most probably manifests
itself in part by increased airway epithelial cell prolifera-
tion rates.22 We hypothesize that such aberrant prolifera-
tion may in part be caused by growth-factor-mediated,
proliferative signalling in the donor lung not in balance
with the surrounding tissues and organs in the recipient,
inferred by the differences in gene expression that correlate
with altered autoreactivity against the encoded proteins.
The link between donor transcript levels and recipient

autoantibody repertoires reported here is supported by
significant statistical results on four biological levels: at
the level of autoreactive protein selection, at the level of
network size and biological process over-representation,
at the level of classification accuracy in an independent
validation cohort of nine patients, and at the level of cor-
relation with gene expression changes in two other inde-
pendent patient cohorts of 50 and 26 patients,
respectively.9,10 Even random selections of 17 proteins out
of the 273 present on the antigen microarray, not requir-
ing significant differential reactivity, network size, or dis-
criminatory power, only achieves equal or higher
correlation with gene expression changes compared with
that achieved by the 17 proteins reported in this study
(r " 0!63) in 16 out of 1000 attempts (P = 0!016), con-
firming its significance.
Nevertheless, our analysis is focused on hypothesis-gen-

eration, hence it is speculative in its attempt to integrate
disparate observed molecular events to elucidate PGD
pathogenesis. Also, this study has several limitations to its
methodology, which must be addressed in the future. The
antigen microarray used only screened a small fraction of
all the proteins constituting the lung proteome, perhaps
as few as 1%. Furthermore, this analysis gives no infor-
mation about time-sequence causality of suggested pro-
cesses involved. Prospective follow-up studies are needed
to confirm our findings, as well as to elucidate how the
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Figure 3. Correlation between reactivity and expression changes. (a)

Scatterplot between gene expression changes (GSE8021 study) and

IgM reactivity changes. (b) Scatterplot between gene expression

changes measured in both mRNA studies. The Pearson correlation

coefficient and its associated P-value are shown for each scatter.
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reactive proteins as well as their down-stream compo-
nents behave functionally over time in respect to the
pathogenesis of PGD.
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