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Microbial survival in blood is an essential step toward theeal/elopment of disseminated
diseases and blood stream infections. For poultry, howevellittle is known about the
interactions of host cells and pathogens in blood. We estaidhed an ex vivo chicken
whole-blood infection assay as a tool to analyze interactits between host cells
and three model pathogens, Escherichia colj Staphylococcus aureus and Candida
albicans Following a systems biology approach, we complemented theexperimental
measurements with functional and quantitative immune chacteristics by virtual infection
modeling. All three pathogens were killed in whole blood, hueach to a different extent
and with different kinetics. Monocytes, and to a lesser extet heterophils, associated
with pathogens. Both association with host cells and transdptional activation of genes
encoding immune-associated functions differed dependingn both the pathogen and
the genetic background of the chickens. Our results providerst insights into quantitative
interactions of three model pathogens with different immua cell populations in avian
blood, demonstrating a broad spectrum of different charaagristics during the immune
response that depends on the pathogen and the chicken line.

Keywords: chicken whole blood, avian immune response, Escherichia coli , Staphylococcus aureus , Candida

albicans

INTRODUCTION

Bacterial infections in chicken a ect not only animal healthd welfare, but also have signi cant
economic impact 1), due to the increasing restrictions in the use of antimided® in order to
prevent the increase of antibiotic resistance in zoonoticté@a. Since the emergence of resistant
bacteria might impair the e cacy of antibiotic treatment,tafnative approaches to combating
bacterial infections in poultry are necessary. One possilidithe development of vaccine®)(
another selective breeding aimed at higher intrinsic tesise @). For a rational approach to either
of the strategies, it is however necessary to understankdberesponse to the infection. While the
avian response to zoonot8almonellandCampylobactdnas been studied in detail, the knowledge
on the response of the avian immune system to other bactertabgens is very limited4).

This applies for example to colibacillosis, an infection causggathogenic strains of the
Gram-negative bacteriuscherichia colColibacillosis often initially manifests in the respiratory
tract, but the bacteria can spread into the blood stream legadd colisepticaemia and infection
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of distal body sites and organ$,(6). Survival in the blood line and R11, a low producel§, 26, 31). WLA originates from
stream is an essential featurefcolistrains to be able to cause a breeding line of Lohmann Tierzucht GmbH, Cuxhaven. The
disseminated colibacillosis, as exemplied by the corretat White Leghorn line R11 has been managed as conservation
of serum resistance and the ability to survive in the bloodock at the institute since 1965, originally derived frometh
stream and infect internal organs in chickens, @). While  Cornell Line K 32). Chicks were hatched from the eggs (kindly
the recruitment of immune cells to solid organ8),(and the provided by Prof. Ste en Weigend; ING) and housed at the
transcriptional response of internal organs and peripherabtlo facilities of Friedrich-Loe er-Institut, Jena, Germany unde
leukocytes to colibacillosis has been studié@, (L1), to our pathogen free conditions. Animal housing was performed in
knowledge, it remains unknown which immune cells interactaccordance with the guidelines for animal welfare set by the
with E. coliwithin avian blood. European Community. Throughout the study, the chickens

Another common agent causing infections in poultry iswere reared and kept under standardized conditions at 18—
Staphylococcus aurews Gram-positive bacteriuml@, 13. S. 20 C and a relative humidity of 50-60%. Commercial feed
aureusinfections can aect various organ systems, includingin powder form (without antibiotics or other additives) and
skin, mucosal membranes, and, via hematogenous spread, atiinking water were both availablad libitum. The study was
tendon sheaths, joints, and bone&2(14, 15). In severe cases, carried out in strict accordance with the German Animal \We#
septicemia occursl@). As for infections withE. colj the immune  Act under supervision of the authorized institutional Agent
response of chickens t&. aureushas not been studied in for Animal Protection. Six animals, aged 16—19 months, from
detail and it remains unclear which immune cells interacthwi each chicken line were used for each experiment conducted
these bacteria in blood during dissemination or septicerma. in this study.
order to investigate the interactions with immune cells ghd
fate of the pathogens in avian blood, we adapted a humadVhole-Blood ex-vivo Infection Assay
whole-blood infection assay previously described for aradyz Blood samples (total amount: four ml per animal and sampling)
interactions between blood components and the facultativevere collected by jugular venipuncture into commercial hinid
fungal pathogerCandida albican§l6, 17) and the host response coated syringes (S-Monovefte 2.7 ml Hirudin, Sarstedt,
to bacterial infection 18). C. albicanswas also included in Germany). Hirudin was chosen as anti-coagulant as it was
this study; it is a common colonizer of mucosal surfaces opreviously shown to have no e ect on complement activation
a variety of birds, including chickens, but also one of the33). After addition of 16 microbial cells per ml, the blood
most frequent causes of fungal infectioh9( 20). Infections was incubated at £C, 5% CQ under constant rotation for
predominantly a ect the mucosa of the crop, esophagus an@40 min. Samples were collected every 30 min for ow cytometry,
intestine, but hematogenous dissemination can occur,ifepd microscopy, determination of colony forming units (CFU),
to retarded growth, hepatic and renal congestion, and neurand PCR.
disturbance {9, 21, 22).

Because it had previously been shown that host genetics citathogens Used in This Study
have a signi cant in uence on infections in chicken&3 24), GFP-expressing strains ofandida albicans[CaGFP (7)],
two di erent White Leghorn chicken lines were used. TheseStaphylococcus aurd6850/pALC1743%4, 35] and Escherichia
lines (WLA and R11) dier in their egg laying performance coli ATCC 25922 §6) were used foex vivoinfection of avian
(25, susceptibility to lipopolysaccharide (LPS) challeng®,( blood. To generate the GFP-expressifg colj a plasmid
and response to avian in uenza virug?). constitutively expressing the GFP-variant GFP(37) was

In line with our previous studies on whole-blood infections constructed by rst fusing the promoter of theat gene from
in humans (L7, 28-30), the experimental whole-blood infection pACYC184 89) to the coding sequence of thgfpC gene via
assay was complemented by virtual infection modeling. Bgverlap extension PCR3{) using a thermostable high- delity
calibrating the virtual infection model to experimental dathe DNA polymerase and the following oligonucleotides: PcatXba
functional characteristics of the immune response in avitwoly  F: H. CATGAATCTAGAACGGAAGATCACTTCGCAG-3
blood were quanti ed. Moreover, representing the complexityCatSDGFP-R: BCTTCTCCTTTGCTAGCCATTTTAGCTCC
of whole-blood by a mechanistic mathematical model enabled CCTCGATAACTCAAAAAATACGCC-8 CatSDGFP-F: &
us to identify essential and novel immune processes durinGGCGTATTTTTTGAGTTATCGAGGAGGAGCTAAAATG
the immune response in avian whole blood. To this end, w&sCTAGCAAAGGAGAAG-3.
implemented several state-based virtual infection modeé& th GFRCEcoRI-R: 8ACCAACTGGTAATGGTAGC-8 The
di er by the presence of potentialimmune response mechanismsesulting 923 bp PCR fragment was restricted with EcoRI
like the killing of pathogens in extracellular space or byand Xbal (New England Biolabs, Frankfurt, Germany) and

immune cells. ligated with likewise-restricted pUC194(@) vyielding the
plasmid pUC19Pcatgfp. Chemically competent cells of

MATERIALS AND METHODS E. coli ATCC 25922 %6) were then transformed with the
plasmid pUC19Pcatgfp.

Animals and Ethics Statement C. albicanswvas cultivated overnight in yeast extract peptone

Two White Leghorn chicken lines di ering in their egg laying dextrose (YPD) medium (20 g/l peptone, Otto Nordwald,
performances were used in this study: WLA as a high producinglamburg, Germany; 10 g/l yeast extract, Serva, Heidelberg,
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Germany; 20 g/l dextrose, Carl Roth, Karlsruhe, GermanyHeterophils were identi ed within the CD45 cell population

pH adjusted to 7.0 with NaOH) at 3C, 180 rpm. The plotted against SSC. All single populations were back-gated
overnight culture was inoculated 1:50 into fresh YPD mediunagainst FSC/SSC for their absolute number calculatiorisr Pr
and incubated at 3C, 180 rpm until OOy 1.0 was reached. to analysis of immune cell populations, doublets were excluded
S. aureusand E. coliwere cultivated overnight at 8Z, 180 by means of the FSC-H and FSC-A dot pot. The GFP-expressing
rpm in lysogeny broth (LB medium: tryptone 10 g/l, Carl pathogens were identi ed and recorded using the FITC channel
Roth; yeast extract 5 g/l, Serva; sodium chloride 10 g/l, Cadnd were sub-gated against immune cell speci c markers to
Roth; pH adjusted to 7.0 with NaOH). The overnight culture obtain the percentage of pathogens interacting with the dirgre
was inoculated 1:100 into fresh LB medium and incubated ammune cells.

37 C, 180 rpm until OQypp 0.6—0.7 was reached. The cultures

were then washed thrice in phosphate bu ered saline (PBSRNA Extraction and Quantitative

The number ofC. albicanscells was determined by counting Real-Time Reverse Transcription (RT)-PCR

using a Neubauer chamber. The number of bacterial cells was analyze the transcription of immune-related genes, totahRN

calculated based on the @y - CFU correlation. Cultures were as extracted from 1001 of blood using the RNeasy Mini Kit
diluted to the desired concentrations with PBS before inatton  for blood (Qiagen) according to the manufacturer's protocol

of whole blood. The QuantiTect SYBR Green real-time one-step RT-PCR kit
. . . (Qiagen) and avian-speci ¢ primers for IFy; IL-1b, IL-6, IL-8,
Quantl cation of Pathogen Survival iINOS, K60, LITAF and MIP-fh (47-49) were used to determine

To determine the survival of pathogens in avian whole bloodp,pna expression levels. The expression was normalized to the
serial dilutions of the samples collected at di erent time gsin o < keeping gene glycerinaldehyde-3-phosphat (GAPDH) and

were plated on blooql agar plates in 2—4 tgchnicgl replicates. CF&(pressed as fold change compared to non-infected samples
counts were determined after overnight incubation at3for using the threshold method for quanti cation {211 1)) (50).

C. albicanpand 37 C (for S. aureusndE. col). Additional information on primer e cacy andCt values for the
Flow Cytometry housekeeping gene are provided in Bigpplementary Material

To determine both the number of immune cells and which -
immune cells interacted with the pathogens, cells WerétaUStlcal A”a|Yses_ ] ) )
incubated with monoclonal antibodies (mAB) targeting Six independent biological replicates derived from dierent
the monocyte/macrophage marker KULO1-RPEI)( the animals were used for all experiments. Data is represented as
macrophage/thrombocyte marker K1-RPE2), the leucocyte arithmetic mean SD. Normality distribution was assessed
marker CD45-APC 43), the B-cell marker BU1-APC-Cy7, and using the Kolmogorov Smirnov test in GraphPad Prism 7. Data
the T-cell marker CD3-SPRD (PE-Cy3)4 49). All antibodies  \as analyzed by 2-way ANOVA followed by Tukey's multiple

were obtained from Southern biotechnology associatesigch ; test (GraphPad Pri 7 t infected
Germany). Conjugation of mAb K1 to R-PE and BUL1 to APC-Comparlson est (GraphPad Prism 7) to compare infecte

C . . ; ! .f';\nd non-infected samples, dierent time points, dierent
y7 was performed using the respective Abcam conjugation kits . . .

according to the manufacturers instructions. For stagyirs0 Pathogens and dierent chicken lineg-values< 0.05 were

mi of blood diluted 1:50 with PBS was mixed with @0of an ~ considered signi cant.

antibody mixture containing the directly conjugated K1, KOL, . .

CD45, BU1, and CD3 in the end concentrations of @3 in Mathematical Modeling

a Trucount tube containing beads for absolute quanti catio We adapted our human whole-blood model®q 28-30) and

(BD Biosciences; Heidelberg, Germany) and incubated anroo generated state-based models (SBMs) that simulate the immune
temperature for 45 min in the dark. 30 of PBS was then added reactions during infection in avian whole-blood samples. idar

Elf)hthe sample, which was kepft in thg dark “F”Atic':ggasurelrlnegtto cope with known di erences between fungal and bacterial
e measurements were performed on a anto Il ( l%fection scenarios in avian blood, we implemented slightly

Bioscences; Heidelberg, Germany) and analyzed using th

software FACSDiva (Version 6.1.3, BD Biosciences). Up tg?‘\erent models for bacteria and fungi. Both models comprise

20,000 trucount beads were recorded together with immunétates that represent the various cell types, which take part in
cells in each sample, for absolute quanti cation of the celtheimmune response, i.e., heterophit], monocytesi), and
populations. Absolute cell numbers were then calculatedgusinthe pathogens (P). Furthermore, the SBMs contain states for
the following formula ¢6): di erent subpopulations of the pathogens, which are pathogens
in extracellular space that are aliv®af) or killed (Pkg),
and living or killed pathogens that are within the monocytes
(Pam, Pkm) or within the heterophils Pane, Pkre). Please note
total content of beads per tube (1) that living pathogens were termed “alive” and dead pathogens
blood volume per tube “killed” within the mathematical model, and that these preas
are used throughout this manuscript in this context. The nuenb
Numbers of monocytes and thrombocytes were calculated frorof alive and killed pathogens within in an immune cell is couhte
the dot plot K1/KULO1 against CD45. Single populations of Thy the indizesi and j, respectively, so that monocytes and
and B cells were obtained from the C34®ut K1 /KULO1 heterophils are represented iyi; and He . Figure 1 depicts
leucocyte population shown in the dot plot of CD3 against BUlall states and possible state transitions of the SBMs for bakter

Absolute cell count_  cells counted
| of blood beads counted
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bacterial SBM fungal SBM

! PAHy
-

@ @ -’_ ezlo "

FIGURE 1 | State-based model of avian whole-blood infection. Schemat picture of the state-based model (SBM) for the immune respnse in avian whole blood
upon infection with either of the three pathogensS. aureusand E. colior C. albicans The states (circles) represent the different cell populans of pathogens (P) and
the two immune cell types of monocytes i/;;) and heterophils He;;) withi alive andj killed pathogens. The model contains respective states foextracellular
pathogens that are alive Pag) or killed Pxe) as well as immune evasive pathogens that are alive4g) or have been killedRkg). The SBM for fungal infection
additionally contains states for alive pathogens in hyphdbrm (Pany) that can be killed by extracellular factorsRky) (see right gray box). In the bacterial SBM, alive
extracellular pathogens can proliferate (dark green arrgwsee left gray box). Connections between the states refeo possible state transitions that represent
biological reactions during infection. Alive and killed ésacellular pathogens can be phagocytosed (green and red asws). The purple connections indicate killing of
pathogens either in extracellular space or within immune dis. The dark blue connections represent the different me@misms of immune cell killing. These are
heterophil killing by stress factors with rate ¢, (dotted lines), immune cell killing by extracellular pegts (dashed lines) and immune cell killing by lysis induced/b
alive intracellular pathogens (solid lines).

and fungal infection scenarios. The state transitions repné we added the killing of heterophils by stress factors that are
the immune reactions during infection with the pathogensic® independent of infection and induced by the experimental set
the knowledge about these reactions is very limited, weestar up ( g{rees;. Additionally, we assumed that in avian blood the
with the human SBM as a basis and added reactions that amonocytes and heterophils can be killed by a process caused
either known or mandatory to reconcile simulations with the by factors released by pathogens into the extracellular space
experimental measurements. ( ,’;"M, EH,a) As previously indicated we implemented bacterial
This SBM contains nine transition rates that charactertze t proliferation (©) and the hyphae formation of fungi9() as
nine di erent reactions. In analogy to the human SBM, thesepathogen speci c reactions. A complete list of the transitiates
include phagocytosis by monocytésy) and heterophils§ ne),  with the respective state transitions and a concise descnipsio
extracellular killing of pathogens EK(t)), intracellular killing giveninTable 1
of the pathogens in monocytes,'\}) and in heterophils (ﬁe) In order to take the morphological switch df. albicans
as well as a process where pathogens become immune evasigltls from yeast to hyphal form into account, the fungal SBM
and can evade killing and/or phagocytosis).( Furthermore, additionally contains states for alive pathogens in hyphatfor
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TABLE 1 | Transition rates of the avian SBM. For details see Materiatd
Methods section and Hunniger et al. 17) and Lehnert et al. £8).

between fungal and bacterial infection scenarios. In additi
to the SEK-SBMs, we implemented the MEK-SBMasulile
Extracellular Klling mechanism-SBMs), where extracellular

Ef: siton - Description State ransiton killing is not only caused by e ectors released by immune cells
upon rst phagocytosis (with rate EPK(t)), but also caused by
M Phagocytosis by monocytes MijCPae! Miaj e ectors present immediately upon infection. We assume that
He Phagocytosis by heterophils Heij C Pag! Heicaj these e ectors are present in high concentration so that their
1 Intracellular killing of pathogens by Mij ! Mi 1jc1 e ect is temporally constant and does not decrease during the
monocytes time of the infection. Therefore, we de ned the constant rag
e Intracellular killing of pathogens by Heij ! Hei 1jc1 for this transition in the MEK-SBMs (sekable 1).
) heterophils - In addition to immune cell killing by extracellular microbial
A0 Exraluiar kling by antmierobial - Pac | P factors with rate M, for monocytes and H¢ for heterophils,
F:::fﬁz Lf;g:iﬁ;;sei?e Y Ay T we considered the possibility that immune cells can be killed by
heterophils. The rate depends on intracellular pathogens. Here, we assumed that pathogens can
the activity of antimicrobial proteins escape phagocytosis by actively breaking through the immune
("ex) and the decay of their activity cell membrane. Thereby, the immune cell membrane will be
;n) dafe‘:;;‘ide't”ar‘ég'ger etal. {7) destroyed and alive and killed internalized pathogens will be
Acquire immune evasion against  Pac ! Pa releasgd into the extrapellular space. Th|s lysis bylpath'ogkest
: | place in monocytes with ratelM. and in heterophils with rate
phagocytosis and/ or Pke! Pkie ysis
extracellular killing |;'§is The corresponding transitions are given Trable 1 for
He Killing of heterophils by stress Heij ! iPae CjPke bacterial infections and for Galbicansnfection, where this lytic
Ew Killing of monocytes by extracellular M;; ! iPag C jPke escape is initiated by intracellular hyphae formation.
;nee:::;;TS thatare pathogen The SBMs were simulated by applying a random selection
e Killing of heterophils by Hey ! iPac C jPec §|mulathn_algorlthm (5_1), where the simulation tlm_e is d|V|(_jed
mechanisms that are not cellularly into equidistant time intervals(t) and at each discrete time
induced but pathogen dependent step, each cell can perform a transition from st&t® stateS
0 Proliferation rate of bacteria Pae! 2Pag with probability Pg gthatis dened byPg 9 D rg 9 1t.
Mij ! Micy, We used the simulation algorithm as described in form of a ow
Heij ! Hei, chart in (28). In order to compare the model simulation with
9 Formation of fungal hyphae in Pae! Phy the kinetics observed from experimental whole-blood infacti
) inrace':l”'lar iﬁ?ce o et assays, we de ned so called combined units, which are composed
EK c;(nT::tr:t?gn 'of";%m;’]i?g;:g Pisy'! ;:Hy of speci ¢ model states, in order to form the counterparts o th
" Killing of monocytes by Fungal SBM: ve e_xpenme_ntal mea_surements. The survival assays yldd_th
yeis . : o : . kinetics of alive and killed pathogens. In both models, theealiv
pathogen-induced lysis Mij! PuyC.i 1/ Pag CjPke . .
Bacterial SBM: pathogens are combined in
Mi,j ! iPAECjPKE x X
b Killing of heterophils by Hej! PuyC.i 1/PacCjPxe Pn  PaeCPaeC io o Mi; C Hej i (2)
pathogen-induced lysis Heij ! iPag C jPke

In the SBM of the fungal infection scenario, the combinedtuni
Pa additionally involves the alive pathogens in hyphal fdPgpy .
The killed pathogens in the models are summarized in

X X .
i o Mij C Hej | ()

(Pany) and killed pathogens in hyphal fornPky). Furthermore,
the fungal SBM comprises additional transitions that repn¢se P«
the switch to the hyphal form in extracellular spadeg !
Pany) with rate 9 . Similar to alive extracellulaC. albicans
yeast cellsRag), extracellular hyphaePany) can also be killed
(Pany ! Pkny) by the same extracellular killing mechanisms
as yeast. The SBM for the infection scenario with either ef th
bacteriaS. aureusand E. colj contains bacterial proliferation
which takes place either within immune cells or in extradelfu
space with rate. Py

As mentioned before, the described SBMs for fungal and X i Ox io
bacterial infection contain a single mechanism for killing Pue _ iCj Haj (5)
pathogens in extracellular space and, therefore, we reféretet 10
models as SEK-SBMsil(§le Extracellular Klling mechanism- g9
SBMs). These SEK-SBMs dier only with respect to hyphae
formation and proliferation in order to represent the di ereas Pe

Pke C Pk C

where again, the SBM of fungal infection scenario additiigna
involves Pxny, the killed pathogens in hyphal form. The
measurements of the Flow Cytometry analysis, i.e., the
association either to monocytes or heterophils, or to nontem
were compared, respectively with the combined units

X X o
iCj Mi,j (4)

i 0

Pae C Pxe C Paie C Pkie (6)
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Note that the combined unit of pathogens in extracellular spacd?athogens Are Killed in Avian Blood

Pe, also incorporates the alive and killed pathogens in hyphalext, we determined to which extent the di erent pathogens
form (Pany, Pkry) in the fungal SBM, in comparison to the survived in avian blood. The number of viable pathogens
bacterial SBM. The total number of pathogens is giverPby  determined by CFU declined over time in both chicken lined an
PECPNCPy andP  PACPxk inthe fungal SBMs. In the bacterial for all pathogens used={gures 3A,B. The highest and fastest
SBMsP 6DPa C Pk, because the number of alive pathogens catilling rate was observed fa. albicanswhich was signi cantly
increase by bacterial proliferation. reduced within the rst 30 min and killed more e ciently than

Since additionally the number of heterophils and monocytedboth S. aureusnd E. coliduring the early phase of infection
could be quantied in the whole-blood assays, we de ned(Supplementary Table 2 After the initial drop in C. albicans
combined units that, respectively, record the numberCFU 30min after infection, CFU slowly declined until 120 min
of heterophils (WLA) or 150min (R11) after infection, followed by a more
pronounced decline toward the next time point, suggesting
biphasic killing kinetics.

Similar biphasic pathogen survival was observed for
S. aureus CFU remained relatively stable until 90 min after
and monocytes infection followed by a steep decline to 120 min, which was

more pronounced in WLA blood. Following this decline,

X X CFU remained stable until the end of the experiment in

M o OMi,J (8)  blood from R11 chickens, but increased again in WLA
blood, resulting in similar numbers ofS. aureusin the

Details on the parameter estimation procedure as well as O?Iood of both chicken lines at the end of the experiment

the comparison of various models by the Akaike information Figures 3A’B_ Suppleme_ntary Table 2 In CO””"?‘S“ thg
criterion are provided in théSupplementary Material number of viable E. coli cells showed a steadier decline

starting 60 min after infection in both chicken lines. Thus,
while all pathogens were killed to a certain extent in avian

X X
He _ He, (7)

RESULTS blood, the killing rates and dynamics diered signi cantly
. . . depending on the pathogen, without di erences between the
Chicken-Line Speci c Decrease of chicken lines.

Monocytes and Heterophils in Whole Blood

As the aim of this study was to analyze the interaction of e .
pathogens with avian immune cells in a@x vivo whole- Association of Pathogens With the

blood model, we rst determined if the dierent leukocyte Different Types of Leukocytes Is Pathogen
populations remained stable using ow cytometry. The abselutand Chicken Line Dependent
numbers of monocytes and T cells declined within the rstOne possible explanation for the dierent survival rates of
30-60 min for both chicken lines, but remained stable thteza the dierent pathogens in avian blood could be dierences
(Supplementary Figure1 ~ Supplementary Table L The in the interaction with leukocytes, which was assessed by
number of B cells did not change over time. Thrombocytesow cytometry.
moderately decreased within the rst 60min in blood Clear dierences between WLA and R11 chickens were
from R11 chickens only, and heterophil numbers showedbserved foE. coliandS. aureusWhile both bacterial pathogens
a slow steady decrease over time in WLA chickensvere predominantly found in association with monocytes in
(Supplementary Figure 1Supplementary Table L blood of WLA chickensFigures 4A,B, a substantial proportion
Next, we determined whether infection wit€. albicans associated with heterophils in the blood of R11 chickens
S. aureusor E. coliaected the number of immune cells. (Figures4D,B. The relative number oE. colicells detected as
In WLA chickens, a time dependent decrease in monocyteleing associated with heterophils in R11 blood decreased over
and heterophils was observed during the course of infectiotime, which could have been caused by either disassociation
(Figures 2A,B. For theE. coliinfection, the monocyte numbers killing-mediated loss of the uorescence signal. In theddoof
were signi cantly lower at 210 and 240min after infectionboth WLA and R11 chickens, the overall number ®f aureus
compared to the non-infected samplgs D 0.005 and 0.049, associated with monocytes increased moderately over tione,
respectively, two-sided unpairdetest). The numbers of other remained more stable foE. coli For C. albicans a similar
leukocytes and thrombocytes in infected WLA blood remainedassociation pattern was observed in both chicken lines: &ung
stable Figures 2C-B. Infection did not signicantly aect cells were found to be associated to a slightly higher exteétht
leukocyte and thrombocyte numbers in the blood samples of R1honocytes than with heterophil$-{gures 4C,F. The fraction of
chickens Figures 2F—)), but a moderate non-signi cant decrease fungal cells associated to immune cells was stable after 80 mi
of monocytes and heterophils in blood infected wikh coli until the end of the experiment. All pathogens also interacted
was observedrigures 2F,G. Thus, line-speci ¢ and pathogen- with thrombocytes, but this interaction was more prominent
speci ¢ di erences in the viability of monocytes and heterojghi for the bacterial species than f@. albicans Association with
following infection were observed. thrombocytes at early time points was more profound in R11
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FIGURE 2 | Immune cell numbers in avian whole blood over the course of iaftion. Avian whole blood from the chicken lines WLA (leftyd R11 (right) was infected
ex-vivowith C. albicans, S. aureus or E. colifor 240 min. Absolute numbers were determined for the diffemt immune cell populations using ow cytometry and are
depicted in percentage of the numbers at 0 min: MonocytegA,F), heterophils(B,G), B cells (C,H), T cells(D,l), and thrombocytes (E,J). Data of six independent
experiments using blood from different donors is presente@s mean and SD. *indicates signi cant difference compared td® min (o < 0.05) with the color representing
the respective condition: Blue: non-infected blood, purg: E. coli,green: S. aureus red: C. albicans
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FIGURE 3 | Survival of different pathogens in avian blood. Colony forimg units of the different pathogens were determined in thenbculum (0 min) and from samples
taken every 30 min to 240 min after infection of whole blood ém WLA chickens(A) and R11 chickens(B). Data of six independent experiments using blood from
different donors is presented as mean and SD.

blood. None of the three pathogens was found to be associat&igures 3 5). We calibrated the SEK-SBMs and the MEK-SBMs
with T or B cells in the blood of either of the chicken lines. to the experimental measurements and found that simulatais
Taken together, the data showed that all pathogens assdciateoth models were qualitatively in line with the experimentatiada
with monocytes, while the rate of interaction with heterolshi (seeFigure 5. Both SBMs predicted not only a decrease of viable
was chicken line and pathogen-dependent. Association oedurr pathogens but also that for both chicken lin€s albicanscells
rapidly and became relatively stable after reaching a certawere killed faster and to a larger amount than bacterial célis.

time point. values for the extracellular killing rates were also highefuogal
than for bacterial infection, as shown kigure 6Afor SEK-SBM

Mathematical Modeling Revealed Relevant and inFigures 6B C for MEK-SBM. Note that for the. albicans

Immune Reactions infection in the MEK-SBMs, the value of,, was largest, but not

Based on the measurements conducted in the experimenttie values of £y,(t). Despite these similar qualitative predictions
whole-blood infection assay, we developed dierent virtuaffor C. albicansinfection, data simulated by the SEK-SBMs
infection models (see Materials and Methods section). Wé&aused larger least squares error (LSE) in the combined unit
de ned di erent state-based models (SBMs) for fungal infenti  Of alive pathogen®a (Supplementary Figures 3A,Band also
involving the switch to hyphal form with rated, as this @ larger total LSESupplementary Figure 4A in comparison
morphological transition was observed in blood smeard0 the MEK-SBMs. This is caused by a larger deviation
(Supplementary Figure 2 For bacterial infection, bacterial Of the simulated data from SEK-SBM to the experimental
proliferation with rate was included. Furthermore, we deche data from 0 to 60min after infection Higures 5AB in
models that di er in their killing mechanisms of pathogens in comparison with the MEK-SBM Rigures 5C,0). Moreover,
extracellular space. We implemented the SEK-SBMs, containifi@' this infection scenario, the MEK-SBM showed a smaller
a single extracellular killing mechanism for pathogens, trel  AlCc than the SEK-SBMJupplementary Figure 4Dpindicating
MEK-SBMs with multiple extracellular kiling mechanisms forthat the improvement in terms of the LSE by the MEK-
pathogens (see Materials and Methods section). Since a decre@BM can compensate for the increase in model complexity
in immune cells counts in the non-infected samples was onljn comparison to the SEK-SBM. For a direct comparison of
observed for heterophils in WLA chickens (seigure 2B), we  Simulations of both SBMs we refer 8upplementary Figure 5
calibrated the SBM to heterophil kinetics of uninfected sampleFurther di erences between the simulations by the two SBMs
of WLA chickens and could predict the value of this killingeat are visible for the number of aliv&. coli during infection

of heterophils caused by stresgif..). Therefore, we set the of WLA chicken Supplementary Figure 5¢. Simulations by

valueof & . D 2.6 10 ?s forinfection scenarios with WLA the SEK-SBM caused a largéiCc and larger LSE values

chickens. For infection of samples from R11 chicken we set thf§r the combined unitPa (Supplementary Figure 3 and the
rate to zero (1D 0s 1), because the immune cell numberssum (Supplementary Figure 4, which was mainly caused by
remain fairly constant over time in the non-infected samplesg  increasing deviations to the experimental data startingrhz0
Figures 2F,G. A complete list of the resulting transition rate after infection Figure 5A) in comparison to the MEK-SBM

values for all models is provided Bupplementary Tables 3-7  (Figure 5C). Even though the values of the extracellular killing
rate EPM(t) are predicted to be higher in the SEK-SBM than

Multiple Extracellular Killing Mechanisms Essential to in the MEK-SBM Eupplementary Figure §, the MEK-SBM
Resemble Survival of Pathogens simulations showed a more rapid decrease of alivaalbicans
The experimental measurements on survival of pathogensells andE. colicells because of the additional extracellular

revealed that for all infection scenarios the number of patiies ~ killing rate  E,,, which enables pathogen killing immediately

decreased during the length of the infection assay (segpon infection without any temporal shift. Both SBMs predict a
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FIGURE 4 | Association of pathogens with host cells in whole blood. Assciation of E. coli (A,D), S. aureus(B,E) and C. albicans (C,F) with host cells in whole blood
of WLA (left) and R11 chickens (right) was determined by ow ¢gmetry and is presented as percentage of pathogens associ@d with the host cell type relative to the
total pathogen population in blood. Data of six independenexperiments using blood from different donors is presenteés mean and SD. * indicates signi cance of
monocytes compared to R11 chickens p < 0.05).

similar decrease of ali& aureusells during infectionFigure 5,  qualitative agreement with the experimental data. However, w
Supplementary Figure . Of note, none of the SBMs could observed quantitative di erences for the infection of sansple
simulate the biphasic course 8f aureugilling that was observed from both chicken lines withC. albicans In comparison to

for infection of samples from both chicken lines. the MEK-SBM, the SEK-SBM simulated larger fractions of
fungal cells that were associated to heteroptiigfres 7A,B

Phagocytosis Rates of Immune Cells Are Supplementary Figures 7A,B causing larger deviations from

Pathogen-Speci c and Differ Quantitatively the experimental data as re ected by a larger LSE for the

As shown inFigure 7, the SEK-SBMs and the MEK-SBMs cancombined unitPye (Supplementary Figures 3A,B The larger
be calibrated to the experimental data of pathogen assoniatidraction of pathogens phagocytosed by heterophils is caused by
to immune cells so that the respective simulations are irhigher phagocytosis rates in the SEK-SBM in comparison to
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FIGURE 5 | SBM simulations for survival of different pathogens. Timeaurses of living pathogens resulting from the simulations ith the SEK-SBM (sngle extracellular
killing mechanism of pathogens)A,B) and the MEK-SBM (multiple extracellular klling mechanisms of pathogens)C,D). Solid lines represent SBM simulations that
were calibrated to experimentally measured data on pathogesurvival (data points that were connected by dashed linessaguide for the eye). The thickness of the
solid lines represents the mean standard deviation of simulation results observed from 50imulations for normally distributed transition rates. Thenodels were
calibrated to measurements of eithelC. albicans (red lines),E. coli (purple lines) orS. aureus(green lines) that were injected into samples from WLA chieks (left
column) and R11 chickens (right column).

the MEK-SBM Figures 8A,B Supplementary Figures 9A,[p  predicted that the phagocytosis rates of heteropl8lgd) were
This is also applicable to phagocytosis by heterophils durinbigher for bacterial infection of R11 blood compared to WLA
E. coliinfection of samples from R11 chickerFigure 7D, (Figures 8A,B Supplementary Table ® For fungal infection,
Supplementary Figures 7D 8E) and phagocytosis by the SEK-SBM predicted tha e is larger in WLA chickens
monocytes duringE. coli infection of samples from WLA than in R11 chickensHigure 8A). In contrast, the MEK-SBM
chicken Figure 7C Supplementary Figure 9 Figures 8A,B  predicted the opposite relation 8fie between the chicken-lines.
Supplementary Figure 8. However, both models, the  Taken together, the mathematical models predicted that
SEK-SBMs and the MEK-SBMs, predicted that not only thehe experimentally observed chicken-line speci ¢ assamiatid
fraction of phagocytosed pathogens was larger for monocytdeterophils was caused by chicken-line speci ¢ phagocytagsr
than for heterophils Figure 7), but also the corresponding and not by di erences in the immune cell numbers.

functional parameters, i.e., the phagocytosis rates, wegerla

for monocytes 8 ) in comparison to heterophils §e) Immune Cell Killing Mechanism Is Essential to

for all infection scenarios Rigures 8A,B. The SEK-SBMs Simulate Immune Response in Avian Whole-Blood
predicted that8 \ is larger than8 pe with at least a factor of Infection

8m=8He D 2.6 for WLA infection withC. albicansand up ~ As measured using ow cytometry, we observed chicken line-
to a factor of8 y=8ne D 89.8 for WLA infection withE. coli  specic and pathogen-specic characteristics in the kinetics
(seeSupplementary Table 8for all other infection scenarios). of immune cell counts during whole-blood infection (see
The MEK-SBMs predicted even larger di erences between theection “3.1 Impact of infection on leukocyte numbers”). For
phagocytosis rates, with at lea1=8ne D 5.4 for infection infection with any of the three pathogens, the number of
with E. coliin R11 blood and up to8 y=84e D 101.7 for monocytes and heterophils decreased faster in WLA blood
WLA blood infection with E. coli Furthermore, both models than in samples from R11 chickensFigure 2, Figure 9,
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FIGURE 6 | Rates for extracellular killing of pathogens predicted byhe SEK-SBM (A) and the MEK-SBM (B,C). The time course of extracellular killing caused by
antimicrobial peptides that were released upon initial ptgocytosis by heterophils [with rate EK(t)] is depicted in(A) for the SEK-SBM and in(B) for the MEK-SBM.
The latter SBM additionally contains the mechanism of extrllular killing by peptides that were present immediatelypon infection. The predicted values of the

respective rate E’M are shown for the different infection scenarios iC).

Supplementary Figures 10, )1 The predicted monocyte killing In order to test whether the mechanism of immune
rates (E"M) of both SBMs were higher in infection scenarioscell killing is essential for avian whole-blood infectiongw
with samples from WLA chickens than in samples from Rllexcluded this mechanism from the fungal and bacterial
chickens Figures 8C,DQ Supplementary Table 10 Thisrelation MEK-SBMs and calibrated the adapted model to the
was not found for the killing rates of heterophils %).  experimental time-series data. However, we observed that
Here, higher killing rates were observed in WLA than inin this case the simulations resemble neither the kinetics
R11 blood only for theS. aureusnfection. Furthermore, we of heterophil Supplementary Figure 12 nor monocyte
observed that irE. coliinfected R11 blood the number of both counts Supplementary Figure 13

immune cell types decreased faster compared to ISothureus Furthermore, we considered whether the decrease of immune
and C. albicanscells Figure 1). As shown inFigure 8 and cells can be caused by intracellular pathogens. In cage. of
Supplementary Table 1lthese pathogen-speci c characteristicsalbicanscells, we assumed that intracellular hyphae formation

are likely due to higher immune cell killing rates during can cause immune cell lysis. We adapted the MEK-SBMs
E. coliinfection. by implementing immune cell lysis that is caused by viable,
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intracellular pathogens and calibrated this model to thethe kinetics of gene induction were also comparable betwetn bo

experimental measurements. We found that this model does natell lines, but di erences were observed in blood challengitd

notably increase the agreement with the experimental data i&. colior C. albicansrespectively: In responsefo colj increased

terms of LSE and moreover showed a lar§BCc in comparison  expression of IFY, IL-1b, IL-6, IL-8, K60, and MIPk was

to the MEK-SBM Supplementary Figure 1% due to the larger observed in R11 blood cells already at early time points, wkerea

number of model parameters. We also tested whether immuna more gradual increase was observed in WLA blood. Infection

cell lysis only can explain the immune cell kinetics. This wasvith C. albicanded to early upregulation of all factors analyzed

realized by deleting the mechanism of immune cell killing byin WLA blood, with the exception of IL4 and IL-6, which were

extracellular factors with rateg, and Hé. However, as shown not induced by infectionEigure 10. The level of induction was

in Supplementary Figures 15, 1,&his model does not resemble comparable to or higher than those observed post infection with

the immune cell kinetics during bacterial and fungal infeat E. colior S. aureudn contrast, IL-band IL-6 were induced b§.
albicansgn blood cells of R11 chickens, but the induction of these

Expression of Genes Encoding Immune-Related and all other genes analyzed was less pronounced in response to

Effectors C. albicangompared to both bacterial species. Thus, while both

To determine whether the association of pathogens with immun chicken lines responded to all pathogens by increased expressi

cells induced in ammatory responses in whole blood, theof genes associated with immune reactions, both pathogen- and

transcription of the pro-in ammatory cytokines IF}, IL-1b, IL-  chicken-line dependent di erences were observed.

6, the chemokines IL-8 (CXCLi2), K60 (CXCLil), and MIB:1

the e ector INOS, and the central transcription factor LITAF DISCUSSION

(the avian TNF homolog) was analyzed by quantitative RT-

PCR figure 10 Supplementary Figure 1Y. Both chicken lines The aim of this study was to better understand the interattd

responded to pathogen challenge with increased gene expiessimmodel pathogens with avian blood as an important step in the

which was generally more pronounced in the blood of Rllpathogenesis of disseminated infections and during bactiere

chickens. A notable exception was iNOS, which was upregulatdtherefore we employed aex vivowhole-blood infection assay

to alower extentin R11 blood cells. FollowiBgaureusfection, in combination with mathematical infection modeling. The
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FIGURE 9 | SBM simulations of the immune cell numbers during infectiariTime course of the monocytes(A-D) and heterophils(E—H) predicted units for pathogens
in heterophils Pye) and pathogens in monocytes Py) that were simulated by the SEK-SBM _(mgle extracellular kling mechanism of pathogens) and the MEK-SBM
(multiple extracellular killing mechanisms of pathogens$olid lines represent SBM simulations that were calibrateto experimentally measured data (data points
connected by dashed lines as guide for the eye). The thicknesof the solid lines represents the mean standard deviation of simulation results observed from 50
simulations for normally distributed transition rates. Tlhmodels were calibrated to measurements of eithe€. albicanscells (red lines)E. colicells (purple lines) ofS.
aureuscells (green lines) that were injected into samples from WLehickens (left column) and R11 chickens (right column).
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FIGURE 10 | Expression of the genes encoding IFN (A,E), iNOS (B,F), IL-1b (C,G), and IL-6 (D,H) in infected chicken blood. Left: WLA chickens; right: R11
chickens. Gene expression was normalized to GAPDH and expssed as fold change compared to non-infected samples. The giphs represent the fold change of
gene expression in infected avian whole blood relative to meinfected blood samples at the respective time points. Dat of six independent experiments using blood

from different donors is presented as mean and SD.
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advantage of the experimental whole-blood assay is thahllels observed for monocytes and heterophils from WLA chickens,
identi cation of the immune cells that interact with a patheg  while the immune cell decrease was less pronounced in R11
in a complex setting allowing for cross talk of immune cellschickens, except for infection ti. coli Since the virtual infection
Furthermore, the absence of isolation and puri cation stepsmodels di erentiated between immune cell killing caused by
prevents accidental pre-activation of immune cells that doul stress and caused by infection, we could quantify the redativ
occur in the use of primary cells isolated from bloo82).  contribution of each pathogen to immune cell killing and the
Our set up was similar to a recently published approach fodi erences between the immune cell types and the chicken lines.
measuring phagocytic activity of chicken leukocytgs),(with ~ We found that in WLA blood, the killing rate of monocytes is
the di erences that we (i) discriminated between variousionme  higher than that of heterophils; also, more monocytes arecille
cell populations, and (ii) performed a time course analysis. I1tn WLA than in R11 blood. Moreover, in R11 blood the immune
should be noted that neither our method nor the approachcell killing rate is highest for ak. coliinfection. Both bacterial

by Nagahizadeh et al.5® can clearly distinguish between pathogens tested also displayed a signi cantly more pronounced
attachment of pathogens to and phagocytosis by immune cellgiteraction with monocytes in WLA blood compared to R11.
We therefore refer to the biological interactions obsenasd Thus, increased interaction with monocytes coincided wadth
association rather than phagocytosis. However, it has bemmrs ~ stronger decrease in monocyte numbers, suggesting killing o
that association ofC. albicanswith innate immune cells in monocytes byE. coliand S. aureusThis explanation would
human blood usually indicates phagocytosis)( and it appears contrast results fronin vitro experiments in whicte. colidid
likely that this is also the case in chicken blood not only fornot lead to detectable chicken macrophage killing within thet

C. albicangut also for the bacterial pathogens. In this context4 h (54). Similarly, the viability of mammalian macrophages is
it should also be noted that the overall association of nde® not substantially impaired by infection wit8. aureusvithin the

with immune cells in our model appeared to be relatively stablerst 4 h, even though killing occurs at later time points4). To
over time. However, this does not indicate stable intemati our knowledge the fate of avian macrophages challenged with
on a cell-to-cell basis, as (i) degradation of the uoresmen S. aureushas not been investigated so far, but assuming that
signal in killed pathogens would lead to a loss of associaifon interactions would be similar to those reported for mammalian
the corresponding immune cell in ow cytometry analysis, (i) macrophages, our data could indicate signi cant di erences
microbes might escape from immune cells, and (iii) free mi@® in the outcome of bacteria-macrophage interactiansvitro
might be taken up by other immune cells. compared to theex vivowhole-blood model. This could be

These possibilities, and the assumption that association due to dierences between circulating monocytes and the
indicative of or leading to phagocytosis, were incorporatgd i macrophage cell line used for the vitro studies, the bacterial
the mathematical model. By mapping the complex biologicastrain used, or immune cell responses might be in uenced by
system ofex vivo whole-blood infection into a mechanistic the more complex environment in whole blood compared to
mathematical model, we could not only quantify functionaltissue culture.
characteristics of the immune response but also identifyehov  However, by adding and removing potential reactions within
immune mechanisms. Since the knowledge concerning immunine mathematical model, we found that immune cell killing is
mechanisms in avian blood is limited, we started with ourlikely not exclusively caused by viable, intracellular paémnsgy
established human virtual infection modelq, 28) and stepwise that perform lysis. In addition, immune cell killing caused by
added known as well as potential immune mechanisms. Bgxtracellular factors that originate from pathogens indepartd
calibrating these models to experimental measurements araf their viability, was essential to calibrate the model ke t
subsequently scoring the models by their agreement witkexperimental data. While we deemed it to be beyond the
experimental data, using the least squares error (LSE) a@d tiscope of this study to test these hypotheses experimentally, it
Akaike information criteria con rmed thatthe immune redgons  highlights how bioinformatical modeling can generate rove
included in the model were justi ed and necessary to be able thypotheses from complex experimental data that could be tested
model the experimental data. in future studies.

A possible technical concern of thex-vivo whole-blood An unexpected observation was the clear dropSofaureus
infection assay is the stability of this model system overeti CFU numbers from 90 to 120 min after infection in both chicken
As a decline in absolute cell numbers was only observed fdines. This could have been mediated by intracellular killafg
heterophils, and to a lesser extent monocytes, in WLA chiskerbacteria by immune cells, possibly monocytes, which showed
over the observation period of 240 min, we can assume that thiigher association t&. aureusn the blood of WLA chickens,
system is reasonably stable within this time frame, sintddhe  which correlates also with the more pronounced reduction
humanex vivowhole-blood model previously described. We  in the bacterial CFU counts at this time point. After this
however accounted for the heterophil decrease by implemgntinreduction, the CFU counts, however, remained stable (R11) or
the mechanism of heterophil death caused by stress factoeven increased (WLA). Although macrophages carsikureus
of the experimental setting into the mathematical models. Byn vitro experiments using mammalian cells demonstrated that
calibrating the model to heterophil kinetics of non-infedte a subpopulation is able to survive in macrophages, before it
WLA samples we could quantify the corresponding reactiorescapes and replicates extracellulasls).(A similar mechanism
rate and distinguish this rate from immune cell killing caas would explain the observed kinetics 8f aureusCFU in avian
by infection. Upon infection, a decrease in cell numbers wablood. So far, the mathematical models could not simulate
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the biphasic kinetics of viabl8. aureusells in avian whole- not exclude contribution of these cells to fungal killing in
blood, because the killing and proliferation mechanismseverour model; rapid phagocytosis by monocytes/macrophages
implemented as reactions with rates that are constant in timg63) and macrophage e cacy againstCandida species
In future studies, these mechanisms could be charactetized have been demonstrated previously64), making it
time-dependent rates. However, one should keep in mind thdikely that avian monocytes/macrophages contribute to
this would imply an increase in model complexity. Furthermore fungal clearance.
the Next-Reaction simulation algorithm5¢), an improved Due to the limited capacity of macrophages to control
implementation of the original algorithm by Gillespie4, 58, C. albicansneutrophils are considered to be the main e ector
must be applied to simulate the model dynamics, since theells during candidiasis in mammaldq 65 66). They are
Random Selection method does not accurately simulateragste also by far the dominating cell type associated with
with time-dependent ratess(l). albicansin human blood, where monocytes comprise only
In comparison to bacterial killing, we found that fungal sell a minor fraction of the cells interacting with the fungus
were killed faster and to a larger extent than bacteriabéelboth ~ (17). Avian heterophils can rapidly phagocytose and inactivate
chicken lines. Even taking into account that bacterialscelin  C. albicang67, 68), and, additionally, antimicrobial peptides of
proliferate during infection, the predicted killing ratesrgdower  heterophils have been shown to be e ective agaldsalbicans
compared to those for fungal infections. Furthermore, wenidu (69). Chicken serum alone, in contrast, does not inhibit
that multiple extracellular killing mechanisms of pathogensCandida(68). Thus, release of antimicrobial peptides following
were necessary to calibrate the model to the experimentaljegranulation of heterophils could explain the signi cant
measured numbers of viable pathogens. Only the MEK-SBMilling of C. albicanscells. It should also be noted, that
with multiple extracellular killing mechanisms could acately all microbes used in this study were cultured in standard
simulate the kinetics of alivee. coli cells in R11 chicken media under standard conditions, and that the pathogens
and alive C. albicanscells in R11 and WLA chicken, as have to adapt to the altered environment when inoculated
also justied by the smallest LSE and the best informatiorinto the blood. Clinical blood stream infections with these
criterion AIC¢ for these infection scenarios. A likely biological pathogens in contrast usually originate from mucosal sites,
explanation is the release of antimicrobial peptides by attva such as the gut or the respiratory tract. Adaptation to
host cells §9). these niches might better prepare the microorganisms for the
As similar/identical characteristics among all infectioninteractions with immune cells once they enter the blood
scenarios, we observed that the degree of pathogen assnciatstream {C-73).
and the phagocytosis rate is higher for monocytes in compariso  The nucleated thrombocytes of avian species also contribute
to heterophils. This observation clearly reveals dierenceso the overall immune response in blood by phagocytosis
to the immune responses observed in human whole bloodhf pathogens and upregulation of proin ammatory cytokines
where monocytes show less association to pathogens and lowér 74). We did, however, only observe low association rates
phagocytosis rates in comparison to neutrophil)( However, of pathogens with thrombocytes in our model, making it
we also observed chicken-line specic heterophil associatiounlikely that these cells make a signi cant direct contiiiom
and phagocytosis for bacterial infection. Infection withther to microbial clearance. Nonetheless, thrombocytes might b
of the two bacterial species induced a stronger response lnportant for the overall host response by in uencing other
heterophils in R11 blood in comparison to WLA blood. Bothimmune cells, for example, by the release of stimulating
monocytes/macrophages and heterophils are recruited duringytokines. Expression of cytokine genes and genes encoding
bacterial infectionsin vivo and are thought to contribute to other immune-related factors was increased in whole blood
pathogen clearancel), Our results would thus warrant future following infection, consistent with the previously reported
comparative analyses addressing both the relative corinibbu induction of proin ammatory cytokines in human whole blood
of either type of innate immune cells to pathogen killing andinfected withC. albicang17). As our data was based on mRNA
the potential di erences depending on the genetic backgroundanalysis of whole blood, it however remains unknown which
Future studies could also address whether dierent types ofells in the model are responsible for the observed upregumati
immune cells respond to a di erent degree to bacterial vs. &lng Without cell type-based analysis, it is furthermore not pbksi
pathogens as we observed a higher degree of associationt@fdetermine the reason for the observed di erences between
bacterial pathogens with monocytes than heterophils. the chicken lines; these might be due to the dierences in
Heterophil interaction might be essential for reducingassociation of pathogens with the dierent types of immune
fungal burden, asC. albicansdiers from both S. aureus cells, leading to di erences in the number of cells of a given
and E. coli in its in vitro interaction with macrophages: subset being activated by physical contact to microbes. Also,
C. albicanskills 20-50% of macrophages within the rst heterophils and monocytes can be expected to dier in their
hours of interactionin vitro (60, 61). This early macrophage transcriptional responses both qualitatively and quaniiliy,
killing by C. albicansis mediated by pyroptosis, a type of so that di erences in the extent of association could a ect the
programmed cell death. Whether this process can also occawverall transcriptional response. It is however also conbdéva
in avian macrophages is unclea8?, but it would explain that distinct types of immune cells in the two chicken lines
the reduction of monocytes upofandidainfection in WLA  used in this study di er in their response to pathogens, as has
blood. The declining number of monocytes however doegreviously been demonstrated for other chicken linés7).
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