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ARTICLE INFO ABSTRACT
Keywords: Graft versus host disease (GVHD) remains the major cause of morbidity and mortality after
Stem cell transplantation allogeneic stem cell transplantation, especially for intestinal GVHD, as steroid resistant GVHD

Graft-versus-host disease

results in high mortality. For this reason, new treatments of GVHD are needed. One approach is
Hen antibody Immunoglobulin Yolk (IgY)

. . the reduction of pathogenic bacteria using anti-E. coli Immunoglobulin Yolk (IgY). In a hap-
PRR cytokines And chemokines . . . . s . . o .

B . loidentical murine model, B6D2F1 mice conditioned with total body irradiation (TBI), received
one marrow transplantation N i A
E coli bone marrow cells (BM) and splenocytes (SC) from either syngeneic (Syn = B6D2F1) or allogeneic

(Allo = C57BL/6) donors. Following this, animals received from day —2 until day +28 chow
contained IgY or control chow. Thereafter the incidence and severity of aGVHD, the cytokines,
chemokines, IDO1 and different pathogen-recognition receptors (PRR) were analyzed and
compared to control animals (received chow without IgY). We found that animals receiving chow
with IgY antibody showed reduced GVHD severity compared to control animals. On day28 after
alloBMT, IDO, NOD2, TLR2, TLR4 and the inflammatory chemokine CCL3, were reduced in the
colon and correlated with a significant decrease in E. coli bacteria. In summary chow containing
chicken antibodies (IgY) improved GVHD via decrease in bacterial load of E coli conducting to

reduction of pathogen receptors (NOD2, TLR2 and 4), IDO, chemokines and cytokines.
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1. Introduction

Allogeneic bone marrow transplantation (alloBMT) is a unique curative therapy for diverse hematological and malignant diseases;
However, its utility is limited by the development of severe treatment-related complications, most importantly, the occurrence of acute
Graft versus host disease (aGVHD) which leads to high morbidity and mortality [1-3]. Acute GVHD occurs within a few days up to 6
months after transplantation and its manifestation depends on the degree of human leukocyte antigen (HLA) differences between
recipients and donors, the T cell fraction in the graft, microflora in the gut, patient’s age as well as prophylaxis and therapy regimes [1,
2,4]. The conditioning regime using total body irradiation caused damages, especially in the gastrointestinal tract [5] resulting in the
translocation of pathogen-associated molecular patterns products (PAMP) into the intestinal immune system and sometimes even into
the systemic circulation [6]. PAMP interacts with pathogen recognition receptors (PRR) leading to the activation of APC and allor-
eactive T cells respectively. It has been understood in early time that the micro-flora in the intestine exert an important role in the
activation of donor lymphocytes by recipient antigen-presenting cells (APCs), this activation presents a pivotal step in the induction of
alloreactions. This is based on previous researches demonstrated that mice grown under germ-free condition don’t get aGVHD,
whereas control animal grown under normal condition died early after transplantation [7,8]. Another study from van Bekkum et al.
presented evidence for an association between elimination of Lactobacillales before BMT and the GVHD severity [4]. In contrary,
reintroduction of probiotic lactobacillus mediated significant protection against GVHD [9,10]. Of further importance is the study from
Jenq et al. who showed that GVHD or antibiotics changed the microbiota in a unique pattern [10] and that a loss of diversity and
protective Blautia or clostridiales associates with poor outcome and higher treatment related mortality in HSCT patients [11-13].

The Link between bacteria and the immune system is exhibited by the interaction between pathogen-associated molecular patterns
(PAMP) on the invasive microorganism and pathogen recognition receptors (PRR) on the human cells. Shortly after discovering the
“Toll” receptor in Drosophila as the first PRR [14], Medzhidov et al. group found the Toll-like receptor (TLR) as homologue of “Toll” in
human and named it later as TLR4 [15]. From this point, research in the innate immunity increased considerably and to date hundreds
of PRRs have been discovered. The TLR are expressed on hematopoietic cells (dendritic cells, T cells and B cells), endothelial cells and
epithelial cells [16] and are able to recognize and interact with different PAMPs including lipopolysaccharide (TLR4), bacterial li-
poproteins (TLR2), RNA (TLR3+7), cytosine-phosphorothioate-guanine (TLR9) and flagellin (TLR5) [17]. Beside the TLR, the PAMPs
are also recognized by NOD-like receptors (NLRs) including proteins such as NALPs (NACHT-, LRR- and PYD-containing protein),
NOD1 (nucleotide-binding oligomerization domain) and NOD2 [18-20]. The NOD2 is intracytoplasmatic, highly conserved and can
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Fig. 1. Weight changes and clinical score after alloBMT. Lethally irradiated BGD2F1 mice received 2 x 10° bone marrow cells supplemented with 4 x
10° splenocytes from either syngeneic (B6D2F1) or allogeneic (C57BL/6) donors. Thereafter animals received chow with IgY or control chow from
day -2 until day 28. A) Weight changes and B) clinical scores after alloBMT are showed for (sss= Syn cont (n=12), s Syn IgY (n=11),
Allo cont (n=25), . Allo IgY (n=24)). C) showed a reprenstative histopathology picture after HE staining for the colon at day 28 after
transplantation for Allo cont (on the left) and Allo IgY (on the right). The results are presented as mean + SEM; *p < 0.05, **p < 0.01.
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induce the activation of the inflammasome via interaction with muramyl dipeptide (MDP) and muramyl tripeptide (MTP). To char-
acterize the roles of PRR in the inflammation process, early publications showed varied results. On one hand Heimesaat et al. supported
the boosting effect of bacterial products on the inflammation via TLR2 and TLR4 and directing the recruitment of inflammatory cells to
the inflammation site [21]. Blazar et al. found in animal models, that the administration of cytosine-phosphorothioate-guanine oli-
godeoxynucleotides (CpGODNs) significantly accelerated the aGVHD in treated animals [22]. On the other hand, the group of
Vijay-Kumar et al. and Lee et al. demonstrated in knock-out mice model that TLR5 and TLR9 induced anti-inflammatory effects [23,
24]. Furthermore, other groups showed that the administration of synthetic TLR agonists in low dose can induce tolerance and inhibit
inflammation [25-27]. Another factor which can affect the tolerance and modulate the inflammation is the Indoleamine 2,3-dioxyge-
nase-1 (IDO), this enzyme catalyzes the first step of tryptophan (Trp) catabolism and is induced in different cells in response to
bacterial components, such as Toll-like receptor (TLR) ligands during infection [28]. In a recent study from Comim et al. the author
found that treatment with the IDO inhibitor prevented long-term cognitive impairment triggered by sepsis [29], other early works
showed favorable effects of IDO inhibition in human immunodeficiency virus (HIV)- patients [30] and in trauma patients [31].
Furthermore the IDO inhibitor 1-methyl-D,L tryptophan (1-MT) could increase the anti-HIV immunity [32]. However, blocking of IDO
protected mice against lipopolysaccharide (LPS)-induced endotoxin shock via modulation of IL-10 production in DCs [33].

In the present study, a haploidentical murine model was used, B6D2F1 mice conditioned with total body irradiation (TBI), received
bone marrow cells (BM) and splenocytes (SC) from either syngeneic (Syn = B6D2F1) or allogeneic (Allo = C57BL/6) donors. Following
this, the mice received from day —2 until day +28 chow contained hen antibodies (IgY = Immunoglobulin Yolk). Thereafter the effects
on the incidence and severity of aGVHD, the PRR expression (TLR2-6, NOD2) and the level of IDO, CCL3, CXCL9 were analyzed.

2. Results
2.1. Treatment with chicken antibodies improve the aGVHD outcome compared to control

After transplantation syngeneic recipients demonstrated minor changes related to conditioning toxicity (Fig. 1A and B), but
continuously recovered and all animals survived until end of the experiment. In contrary, allogeneic recipients developed severe
GVHD, in allogeneic control animals 44% died, whereas in the IgY group less than 27% mice died [34]. Furthermore, we found
significant weight reduction and high clinical score within the first week after transplantation (Fig. 1A and B). During the second and
third week, treatment with IgY antibody in allogeneic recipients decreased clinical GVHD scores and reduced the weight loss when
compared to allogeneic control animals and reached a significant low value at week 3. Interestingly, when we compare the colon
pathology score, the difference between allogeneic control mice versus animals received IgY is very clear as the pictures in Fig. 1C
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Fig. 2. Expression of cytokines, chemokines after allo-BMT. Lethally irradiated B6GD2F1 mice received 2 x 10° bone marrow cells supplemented with
4 x 10° splenocytes from either syngeneic (B6D2F1) or allogeneic (C57BL/6) donors. Thereafter animals received chow with IgY or control chow
from day -2 until day 28. The figure shows the relative expression on the RNA level for cytokines (A) and chemokines (B) in the colon 28 days after
transplantation for m Syn cont (n=4), ® Syn IgY (n=4), m Allo cont (n=6), @ Allo IgY (n=7). The data are presented as mean + SEM; *p < 0.05, **p
< 0.01, + tendency to significance.
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shows. In the allogeneic control animals, the colon presents high T cell infiltration compared to IgY treated animals.

2.2. Expression of cytokines and chemokines after allo-BMT

After treatment with IgY in pellet chow, in the next step, and based on early work [35], we studied the expression of selected
chemokines and cytokines. Twenty-eight days after transplantation, samples from the colon of animals were taken and the expression
of genes on mRNA level have been assessed. Analysis of the cytokines expression in the gut showed reduced level of TNF and IL-1beta
with tendency to significance (Fig. 2A). The level for TNF reached (4.83 + 1.19relexp) in control versus (3.70 + 0.83relexp) in IgY
animals and for IL-1beta (3.71 + 1.42relexp) in control versus (1.56 + 0.50relexp) in IgY animals. The chemokines CCL3 also showed a
significant difference (p = 0.026) in the expression between control and IgY animals (Fig. 2B). The expression reached (44.36 + 9.91
relexp) in the control versus (16.41 + 4.31 relexp) in the mice received IgY chow.

2.3. Expression of PRR, NOD2 and IDO after allo-BMT

The reduction of cytokines and chemokines is in line with aGVHD improvement in IgY animals compared to allogeneic control
animals. In addition, the role of PRR (TLR2-6, NOD2) and IDO in detection of bacteria, activation/regulation of the immune system and
in the outcome of GVHD is very important [36-38]. For this reason, we also analyzed the expression of these genes. We found a
significant decrease of the TLR2, 4 and NOD2 expression in mice which received IgY chow compared to control (Fig. 3) the value
reached (0.34 + 0.04 relexp) versus (0.61 + 0.09 relexp) for TLR2, (0.13 £ 0.02 relexp) versus (0.33 + 0.08 relexp) for TLR4 and (0.7
+ 0.14 relexp) versus (1.08 + 0.14 relexp) for NOD2. Moreover, a very significant decrease in the IDO expression level in mice with IgY
versus control was seen and the value reached (22.0 + 6.94 relexp) in IgY animals and (45.47 + 9.96 relexp) in controls.

3. Discussion

Since many years, the relationship between the microflora and GVHD has been well established [4]. Based on earlier publications
[39,40], we selected E. coli as prototypical TLR4 agonists and C. perfringens as prototypical TLR2 agonist. We assumed that the resulting
IgY antibodies, after oral intake, will have an impact on the overall gastrointestinal (GI) LPS, lipoteichoic acid and glycoprotein load at
the GI mucosal lining level. To reach this target, the generated chicken antibodies were used to capture and eliminate bacteria and/or
bacterial products in order to improve the aGVHD outcome. As we showed in Fig. 1, allogeneic recipients developed severe clinical
symptoms whereas treatment with IgY-antibody resulted in significant improvement of the allogeneic recipients compared to allo-
geneic control. However, the allogeneic animals with chicken antibody still presented high GVHD score compared to syngeneic mice.
Furthermore, 4 weeks after transplantation, the disease severity exacerbated again in allogeneic animals which indicated that aGVHD
has not been completely abolished by IgY antibody treatment. Concerning the cytokine production and the importance of the con-
ditioning regimen in aGVHD pathophysiology, a correlation between conditioning intensity, inflammatory cytokines and aGVHD
severity was shown in different studies [41,42]. Moreover, in previous study from our group [43], we found that early after trans-
plantation, the organ injury in syngeneic recipients exhibited only minor pathological changes independent of the conditioning
regimen, indicating that the inflammation caused by allo reactive T cells is clearly the leading cause of organ injury at early stage.

In our previous work, 15 days after transplantation, we found that the stool samples of allogeneic animals treated with IgY pre-
sented high increase of L. reuteri and Firm u. bactl (21.95 + 4.18% and 4.18 £ 0.08% respectively) compared to allogeneic control
animals (0.85 + 0.3% and 0.17 + 0.05% respectively) [34]. In contrary, the stool samples of allo IgY animals showed decreased level
of E. coli and Bact. u. bacteria (0.05 + 0.02% and 5.35 + 2.62% respectively) compared to allo control (2.18 + 0.76% and 35.65 +
8.13% respectively). But, at day 28 after transplantation the difference between the bacterial levels in allo IgY and control animals was
not significant. Interestingly, only E. coli showed continuous significant difference between IgY animals at day 15 and day 28 after
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Fig. 3. Expression of PRR and IDO after allo-BMT. Lethally irradiated B6GD2F1 mice received 2 x 10° bone marrow cells supplemented with 4 x 10°
splenocytes from either syngeneic (B6D2F1) or allogeneic (C57BL/6) donors. Thereafter animals received chow with IgY or control chow from day
-2 until day 28 The figure shows the relative expression on the RNA level for PRR and IDO in the colon 28 days after transplantation for m Syn cont
(n=4), m Syn IgY (n=4), m Allo cont (n=6), @ Allo IgY (n=7). The data are presented as mean + SEM; *p < 0.05, **p < 0.01.
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transplantation [34]. This result is in line with a previous study from Heimsaat et al. [21] who showed in a colitis murine model, a
correlation between high organ damage and a significant population shifts towards E. coli. In addition, the adherent-invasive E coli
strains, have been isolated from ileal crohn’s disease (iCD) biopsy specimens and the abundance of this strain was very high in patients
with CD compared with healthy person [44,45]. Taken altogether, we assumed that the reduced level of E. coli in allogeneic IgY mice at
an early stage after transplantation maybe important in aGVHD development and explains, why the treatment with IgY could not
abolish aGVHD but only slowed it down. In this project, beside E. coli we also targeted C. perfringens in the phylum Firmicutes, which
comprise between 80 and 90% of the whole bacterial load and contains several hundreds of species [34]. C. perfringens was not
detectable in the analyzed stool samples however, other species were still present and a significant increase of L. reuteri and Firm u.
bact1 (in the phylum Firmicutes) was seen in IgY animals versus controls. This result support early publication from Jenq et al. who
showed that the development of GVHD or treatment with antibiotics induced unique microbial shifts [10] and that the elimination of
Lactobacillales from the flora of mice before BMT aggravated GVHD, whereas reintroducing the predominant species of Lactobacillus
mediated significant protection against GVHD. In the same context, a study from Gerbitz et al. [9] showed significant GVHD
improvement by prophylactic oral administration of Lactobacillus rhamnosus GG. Interestingly, early publication showed that
L. reuteri can produce antimicrobial products [46,47] which can inhibit the grow of E. coli [47].

Pathogen-associated molecular patterns (PAMPs) activate the innate immune system via pathogen recognition receptors (PRR).
Prototypical representatives of PAMPs are lipopolysaccharide (LPS), peptidoglycan, lipoteichoic acid and glycoprotein. Lipopoly-
saccharide (LPS) is a component of the outer membrane of almost all Gram-negative bacteria. LPS is recognized by Toll-like receptor 4
(TLR4) on host immune cells and can induce high production of pro-inflammatory cytokines via activation of the transcription factor
NF-kB, which leads to short term inflammatory responses [39]. Whereas lipoteichoic acid and peptidoglycan are typically found in the
cell wall of gram positive bacteria and are potent activators of TLR2 [40].

We found in our study a significant decrease in the expression of TLR2 and TLR4 in mice receiving IgY chow compared to controls.
This is in line with previous results which demonstrated the role of TLR2 and TLR4 in inducing pro-inflammatory intestinal bacteria in
a colitis model [21]. For NOD2 the quantification of the expression showed a reduced level in animals with IgY chow versus control and
confirms the importance of NOD2 in elimination of bacteria in the gut. This is supported by several studies which demonstrated this
effect of NOD2 on the chemokine and cytokines expression via MDP and NF-kB pathway [48-52].

In our study, we found also a significant reduction in CCL3 expression between control and IgY animals (p = 0.026). The expression
value reached (44.36 + 9.91 relexp) in the control versus (16.41 + 4.31 relexp) in the mice received IgY chow. It is known that TLR4 is
the receptor of LPS, after activation, the TLR4 leads to the synthesis of pro-inflammatory chemokines and cytokines [53,54]. Duo to the
fact, that the treatment with IgY reduced the E. coli as well as the total bacterial load [34] which subsequently conducted to the
reduction of LPS. We can conclude that this reduction resulted in decreases of the CCL3 chemokine in animals treated with IgY chow.

Another reason for the reduction of inflammation chemokine CCL3 could be the reduction of IDO. In our study, we found a sig-
nificant difference in IDO expression between IgY treated animals and controls. It is known, that IDO modulates the inflammation, in a
recent publication, the author founds that the inhibition of IDO prevents long-term cognitive impairment triggered by sepsis [29] and
the blockade of IDO protects mice against endotoxin shock via modulation of IL-10 production in DCs [33]. Moreover, previous study
showed that the IDO, TLR and NOD2 expression is affected by inflammatory mediators, such as Toll-like receptor ligands [55]. Taken
all together, we could assume that the reduction in IDO, and other PRR in IgY treated animals, could results in reduction of the CCL3
chemokine. The reduction of IDO and other PRR could be driven by the reduced load of E. coli and other microbiota via reduction of
LPS.

4. Conclusions

In summary we found that the aGVHD improvement of animals treated with IgY has been mediated by reduction of the bacterial
load and decrease in the pathogenic bacteria like E. coli. This microbial change may result in reduction of TLR2, 4 NOD2 and IDO
expression via LPS reduction which can cause also a subsequent decrease in chemokine and cytokine expression and finally improves
the inflammation.

5. Materials and methods
5.1. Transplantation procedure

Female C57BL/6 (H-Zb) and B6D2F1 (H—Zb"d) mice were purchased from Charles River (Charles River, Sulzbach, Germany) and
acclimatized in the animal facility for at least 7 days before starting the experiments. All animal experiments were approved by the
animal committee of the University of Regensburg (54-2532.1-19/12) and were in accordance with German animal protection laws.
Transplanted mice were between 11 and 14 weeks old at the time of BMT and were housed in micro-isolator cages with autoclaved
bedding and received sterilized chow and water.

The transplantation was done as described previously [34]; in summary on the day of the transplantation (day 0) B6D2F1 recipient
received a TBI dose of 9Gy delivered in one fraction using a linear accelerator (150 cGy/min). Thereafter animals were infused with
cell mixtures of 2 x 10% BM cells supplemented with 4 x 10° SC from either syngeneic (B6D2F1 = syn) or allogeneic (C57BL/6 = allo)
donors. After transplantation, the mice received pellet chow with antibodies from hens immunized with heat inactivated E. coli (E.C),
C. perfringes (C.P). and S. typhimorium (S.T) from the company IgNova GmbH (IgNova GmbH, Oberursel, Germany) or control chow
(without IgY) from day —2 until day 28 after transplantation. After that, survival was monitored daily, the weight and the clinical
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GVHD scores were assessed weekly. Furthermore, the colon pathology score, the expressions of chemokines, cytokines, TLR2-6, IDO
and NOD2 were measured in the colon 28 days after transplantation using real-time PCR.

5.2. Clinical GVHD score

For the clinical GVHD score, a scoring system incorporating five clinical parameters: weight loss, posture (hunching), mobility, fur
texture, and skin integrity [43,56] was used. Each parameter was graded between 0 and 2. Once an animal reached a cumulative score
>6.5 or a weight loss of >35%, it was sacrificed and counted as death due to transplantation-related mortality.

5.3. Colon pathological score

On day 28 after transplantation, animals were sacrificed. Hematoxylin-eosin-stained organ sections from individual mice were
coded without reference to mouse type and prior treatment and detailed analysis of changes in colon was performed in a blinded
fashion as described previously [34]. Analysis was performed by light microscopy (Axioskop 2 plus, Carl Zeiss GmbH, Jena, Germany).
Photographs of histopathology were acquired by AxioCam HRc (Carl Zeiss GmbH) and processed with AxioVision Release 4.6.3 (Carl
Zeiss GmbH, Jena, Germany).

5.4. Determination of mRNA-expression levels using real-time PCR

After transplantation and treatment as described in transplantation procedure, the colon samples were isolated from different
animals 28 days after allo-BMT. After that, total cellular RNA was extracted using mammalian total RNA Miniprep Kit (Sigma-Aldrich,
Taufkirchen, Germany) according to the manufacturer’s protocol. First-strand cDNA was synthesized using 1 pg of total RNA (DNase-
treated) with Maxima first strand cDNA Syn-Kit (Thermo-scientific, Dreieich, Germany) and stored at —20 °C until use. After synthesis
of cDNA, all real-time PCR reactions to measure the selected cytokines and chemokines (Table 1) were performed according to a
standard protocol as previously described [35]. The real-time PCR program was conducted under successive cycling conditions of
95 °C for 5 min, then 35 cycles at 95 °C for 1 min, 60 °C for 30 s, and 75 °C for 155, after 35 cycles a final elongation step at 72 °C for 10
min was done. The quantification was performed using the LightCycler® 480 from Roche (Roche, Mannheim, Germany) and the
fluorescence threshold value was calculated using the SoftwareLightCycler® 480 version 1.5.0. Normalization with the housekeeping
gene Beta-actin was applied for data calculations with results as 2 22T expression. The primers used for real-time PCR are listed in
Table 1.

5.5. Statistical methods

Weight, GHVD scores, expression levels of cytokines and bacterial constitution were compared between IgY treated animals and
control at individual time points using Mann-Whitney U test. For the analysis of the differences for microbial constitution among the
treatment groups, first we analyzed the variance by ANOVA. After that, species tested significant were compared using the Mann-
Whitney U test. Statistical significance for all analyses was established when the value was less than p < 0.05. Data are presented
as mean + SEM (standard error of the mean). IBM Statistic 22 program (SPSS, Chicago, USA) was used for analysis.
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