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Abstract: The host and the pathogen are indispensable in the infectious diseases. Besides studying the host defensive and
pathogen invasive mechanisms individually, the cross-species interactions, i.e., the host-pathogen interactions,
become a novel and intense research subjects of the infectious diseases. In this study, two host-pathogen inter-
action networks are constructed for innate and adaptive immunity based on the time course microarray data of
C. albicanszebrafish infection model. The interaction variations in the host, pathogen, and host-pathogen re-
gions are evaluated by comparing the two constructed networks. Those proteins of larger interaction variations
stand for more pivotal roles in the transition from innate to adaptive immunity. Moreover, in the host-pathogen
region, four significantly enriched functional modules are identified. Meanwhile, the interaction variations of
these four functional groups imply the corresponding strategy shifts of the host and pathogen from innate to
adaptive immunity. In view of these results, this study gives a systematic explanation about the transition from
innate and adaptive immunity from functional modules perspective. Thus, this study provides potential targets
for developing efficient therapies of the infectious diseases.

1 INTRODUCTION tween the host and pathogen may partially explain
why those drugs are often not effectivevivo (Mei-
The host and the pathogen are indispensable in the injer and Spaink, 2011). Until a decade ago, the tradi-
fectious diseases. In particular, the interplays betweentional viewpoint to treat the host and pathogen sepa-
the host and pathogen shape the whole infection pro-rately is shifted to a more holistic viewpoint on both
cesses from the first pathogens exposure to the finalplayers in the infection processes. This viewpoint
outcomes of the infection (Tierney et al., 2012). After transition results from (i) the realization of the indis-
activating the first line of host defense mechanisms, pensableness of the host-pathogen interactions (HPIs)
the innate immunity recruits several types of cells in the infectious diseases and (ii) the advent of the
(e.g., macrophages, dendritic cells, NK cells, etc.) OMICs biotechnology in measuring the genes, tran-
to protect the host from the pathogen invasion and scripts, and proteins at whole cell/organism levels
then strive to eliminate the threats from the pathogens. (Schmidt and Volker, 2011). This permits a compre-
In turn, pathogens have evoked multiple strategies hensive interrogation of the pathogen at the whole-
for surviving under the host immune-defense mech- genome, transcriptome, and proteome levels as well
anisms. After several rounds of attacks and defensesas the host. From the molecular aspect, the infec-
between the host and pathogen, the host may elimi-tion processes can be viewed as the interference of
nate pathogens and prepare for the next challenges opathogenic proteins with the hosts’ interaction net-
the pathogens may win the battle to cause chronic in- work (Arnold et al., 2012). Hence, to investigate in-
flammation or death of the host. Despite the tremen- fection processes from a systematic perspective, in
dous advances in the pathogenic mechanisms and thehis study we would construct dynamic host-pathogen
following triumph in the drug development (Arnold protein-protein interaction (PPI) networks.
et al.,, 2012), the remaining issues (e.g., drug resis-
tance) of infectious diseases become more trouble-  Regarding the success of tBealbicanszebrafish
some. The dynamic and complex interactions be- infection model (Chao et al., 2010) as well as the
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amenability to genetic manipulations (Gratacap and investigate the host-pathogen interactions in the spe-
Wheeler, 2014), the zebrafish is a novel and poten- cific defensive mechanisms (i.e., the adaptive immu-
tial model organism to study the immunity. Fur- nity), we adopted the second dataset. The experimen-
thermore, the zebrafish and human immune systemstal design of the second dataset comprises@val-

are remarkably similar and more than 75% of hu- bicansinjections into zebrafish. In the first injection,
man genes implicated in diseases have counterparta nonlethal dose is used to cause the host primary re-
in zebrafish (Schier, 2013). This provides a strong sponses and immunological memory in the host. And
connection between the zebrafish and human on thein 14 days after the first injection, a lethal dose is
pathogenic mechanisms as well as immune responsesapplied to zebrafish. Then, the gene expression pro-
which are important for biomedical applications. The files are recorded through microarray after the second
immune system of zebrafish as well as other verte- injection and comprise 8 time points (2, 6, 12, 18,
brates can further be divided into two subsystems, 24, 30, 36, 42-hour post-reinjection) with two repli-
i.e., innate (unspecific) and adaptive (specific) im- cates forC. albicansand zebrafish, respectively (Fig-
munity (Trede et al., 2004). Hence, the first dataset ure 1A). Due to the previous exposureQoalbicans

we used to construct the dynamic host-pathogen PPIthe immunological memory in zebrafish would be ac-
network (HP-PPIN) measured the gene expressiontivated and force the activation of the adaptive im-
profiles during the first 18 hours after zebrafish is munity. Thus, the main portion of the information
firstly exposed to a lethal dose 6f albicans(Chen recorded in the second dataset reflects the outcomes
et al., 2013). This dataset sampled the gene ex-of the HPIs in the adaptive immunity. In contrast
pression profiles at 9 time points (i.e., 0.5, 1, 2, 4, to the innate immunity, the adaptive immunity of ze-
8, 12, 16, 18-hour post-injection) with three repli- brafish and the responses@f albicansto the adap-
cates forC. albicansand zebrafish, respectively (Fig- - tive immunity are less well-known. Here, in this study
ure 1A). The outcomes of the interplay between the the combination of these two datasets provides an op-
host and pathogen after their first contact are cap- portunity to investigate the HPIs and their roles in the
tured by time course microarray experiments. Im- innate and adaptive immunity.

mediately after the injection of. albicansinto ze-

brafish, the immune surveillance system of zebrafish ~ The infection processes are often described as bat-
senses the existence of the invaders. The recogni-tles between the hostand pathogen (Leroy and Raoult,
tion of the pathogen_associated molecular patternsZOlO). The simultaneous considerations on the roles
(PAMPs) and/or damage-associated molecular pat_of the host and pathogen in the infection processes
terns (DAMPs) by the pattern recognition receptors and the available genome-wide measurements make
(PRRs) (e_g_, toll-like receptors' C-type lectin recep- the pOSSlblIlty of the SyStematiC VieWpOintS on the ef-
tors, etc.) (Trede et al., 2004; Romani, 2011) may be fects of the HPIs in the innate and adaptive immu-
viewed as a starting point of a series of complex HPIs. ity (Wang et al., 2013). In this study, the usage of
Those PRRs would initiate downstream pathways that theC. albicanszebrafish infection model (Chao et al.,
promote the activation of other parts of innate im- 2010) shed ||ght on the infectious diseases of the hu-
mune system and the clearance of pathogens (e.g.man host. As for the pathogen, ti@ albicansis
production and secretion of cytokines, chemokines, the most virulent member of the CUG clade of yeasts
and chemotactic cues to recruit more immunocytes). and a common cause of both superficial and invasive
Thus, the morphological transitions (yeast-to-hyphal infections (Lohberger et al., 2014) which may cause
form) (Kuo et al., 2013), required ions and small life-threatening infections in immune-comprised host
molecules transportation (Wang et al., 2014), and (Odds, 1979), such as HIV positive patients. Investi-
structures and components of molecules on the cellgating the infection processes®©f albicansin detail

wall changes (Romani, 2011) are the strategies uti- ¢an improve the knowledge of the pathogenic mecha-
lized byC. albicangto acquire nutrients and evade the Nisms and promote the control of infectious diseases.
clearance from the host innate defensive mechanismsHence, the two datasets (GSE32119 and GSE51603)
Those primary responses of the host and pathogen arare used for further analyses on the HPIs. To extract
recorded in the first dataset which is a result from a the interaction information from the time course mi-

constant innate immune response and a delayed adapcroarray data, two dynamic HP-PPINs are built up
tive immune response (see Figure 1). for innate and adaptive immunity (Wang et al., 2013).

The HP-PPINs consist of the PPIs between zebrafish
In addition to the activation of innate defensive andC. albicans zebrafish and zebrafish, a@d albi-
mechanisms, the PRRs and antigen presenting cellscansandC. albicans Through examining the interac-
would further activate the specific cells to clear the tion variation between the innate and adaptive PPINSs,
pathogens much more efficiently (Romani, 2011). To the interactions of the largest difference in the net-
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work indicates the occurrences of the most dramatic The first set of microarray was downloaded from the
change. By evaluating the average interaction vari- GEO database (GSE32119) and the second set of mi-
ation per edge, the critical proteins of the high in- croarray (GSE51603) was prepared under the similar
teraction variations in the interface of the host and condition as the first set. Manipulation of the animal
pathogen can be identified. Moreover, taking the ad- model was approved by the Institutional Animal Care
vantage of advances in the ontology analysis, the sig-and Use Committee of National Tsing Hua University
nificantly enriched functional modulesin the interface (IRB Approval No. 09808).

of the host and pathogen can also be identified. Those

functional modules may imply the strategies taken by 2 2 Protein Pool Selection and Database

the host and pathogen in the battles, the infection pro- .

cesses. Thus, those function modules and the pro- Integration

teins are potential drug targets of infectious diseases )
(Schmidt and Volker, 2011). There are two things to be completed before con-

structing the dynamic protein-protein interaction
(PPI) network. The first is to have a protein pool from
which the nodes in the resultant networks are cho-
2 MATERIALSAND METHODS sen. And the second step is to have all possible PPIs
among the proteins in the protein pool through in-
2.1 Overview of Microarray Data tegrating the interaction information from databases.
Here, our protein pool is consisted of the union of
In this study, we adapted two microarray datasets: the differentially expressed genes in the first and sec-
one is the temporal gene expression profiles of the ond set of microarray data and the differentially ex-
host (zebrafish) and pathoge®. @lbicang in the pe- pressed genes between the first and second microar-
riod that they are firstly exposed to each other; the ray datasets. The criterion to select the differentially
other is the temporal expression profiles of the host expressed genes in the first and second microarray
and pathogen in the period that they are secondly ex-datasets is to compute thevalue of ANOVA test
posed to each other. In the first set of microarray data, whether the average expression levels are different
the microarray experiments were performed to simul- along the time (i.e., for the first dataset, the null hy-
taneously profile genome-wide gene expressions inpothesisigi = --- = g and for the second dataset,
both C. albicansand zebrafish during the infection the null hypothesis igy = --- = pg) and then to se-
processes. Adult AB strain zebrafish were intraperi- lect those proteins with the correctpevalue<0.05
toneally injected with & 108C. albicans(SC5314 into the protein pool. Also the genes in the top 5% of
strain) cells (a lethal dosage). Whereas the secondthe expression difference between the first and second
microarray data measured the genome-wide gene ex-datasets were chosen into the protein pool. Next, for
pression level of the host and pathogen since their the all possible interactions among the proteins in the
second contact (with & 10’ C. albicansinjection, protein pool, the interaction information of zebrafish-
also a lethal dosage), that is, fourteen days after theirzebrafish,C. albicansC. albicans and zebrafisiG.
first contact (with 1x 10° C. albicans a non-lethal  albicansare needed. However, the lack of the infor-
dosage). Then, a two-step homogenization/mRNA mation about these three kinds of interaction infor-
extraction procedure was performed using the whole mation makes it difficult to collect all possible inter-
zebrafish infected wittC. albicans This approach  actions. Also it is impossible to consider full inter-
could provide separate pools of gene transcripts from actions among the proteins in the protein pool. To
both the host and the pathogen, enabling individual overcome the issue, the interaction information from
estimation of specific gene expression profiles in ei- the human and yeast are used due to their similarity
ther the host or the pathogen using sequence-targetedo our studying subjects (zebrafish a@d albican$
probes derived from the individual genome. Agi- and data availability. To infer the possible interac-
lent in situ oligonucleotide microarrays, which cover tions of the studying subjects (zebrafish ahdalbi-
6,202 and 26,206 genes f6r albicansand zebrafish ~ cang, the orthologs information in the Inparanoid is
respectively, were used to profile time-course gene used to convert the interactions of human and yeast
expression at 9 time-points (0.5, 1, 2, 4, 6, 8, 12, 16, into the interactions of zebrafish a@ albicans It
18 hours post-infection) with three replicates for both should be noticed that the interactions inferred from
organisms in the first microarray dataset (Chen et al., the ortholog-based method were derived under many
2013) and 8 time points (2, 6, 12, 18, 24, 30, 36, and different experimental conditions, which cannot accu-
42 hours post-second infection) with two replicates rately reflect the actual condition of host-pathogen in-
for both organisms in the second microarray dataset. teractions during.. albicansinfection processes; that
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is, there exist false positives interactions in the all in-
ferred possible interactions of zebrafish abdalbi-
cans

2.3 Host-Pathogen Protein-Protein
I nteraction Network (HP-PPIN)
Construction

To construct the interspecies network from the protein
pool and inferred interactions, the dynamic model of
the protein-proteininteraction is used to determine the
realistic interaction network with one protein by one
protein fashion. For a target protdiof the host, the
dynamic interaction model is as follows (Wang et al.,
2013):

N
p"k+1]=0"p" K + 3 o pi”[K
n=1

(1)
M
+ S VP + Bi + ik + 1]
m=1
and of the pathogen
M
AP k+1 =0 P+ 5 o pif K]
m=1 @)

N
+ 3 Yinpn K+ B +ifk+ 1]
n=1

wherepi[k] denotes the protein activity level at time
k, the superscript ofy indicates the species of pro-
teins f: host, zebrafishp: pathogen,C.albicang,
&i[k] denotes the environment noise at tilyes; de-
notes the self-regulation ability;, denotes the regu-
lation ability from the regulaton of the same species
as the target protein to the target proteipy, denotes
the regulation ability from the regulatorof the other
species to the target protairandf3; denotes the basal
activity level of target protein The biological mean-
ing of this formulation is the protein activity level of
target protein in the future (at timek+ 1) is deter-
mined by the current protein activity level (at tirkp

of itself (oj), the regulations from other proteins of
the same species|) and the other specieg4), the
basal activity, and the environmental noise. Due to
the unavailability of the proteomic data, the expres-
sion levels measured by the microarray experiments
are used to stands for the activity levels in the formu-
lation. The dynamic model for the host target protein
i can be further rewritten into a concise form as fol-
lows:

Di(h) =®i6 +¢ (3
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Similarly, the dynamic model for the pathogen can
also be rewritten into a similar form. The only un-
known paramete; can then be estimated by param-
eter estimation methods, such as least square estima-
tion. However, due to the lack of large scale measure-
ment of host and pathogen proteins, we alternatively
used gene expression profiles as a substitute of pro-
tein activities to identify the parameters in the model.
Furthermore, to make sure the model is unnecessar-
ily complex, the Akaike information criterion (AIC)
is introduced for model selection to balance the com-
peting objectives of conformity to the data and par-
simony, i.e., a trade-off between the model error and
model complexity. Hence, the final network encom-
pass the dynamic models of each protein with the
minimum AIC values.

2.4 Reevance Score Calculation

To target the essential proteins in the host-pathogen
protein-protein interaction network, the relevance
scores are calculated for proteins or functional mod-
ules to correlate proteins with the evolution of the
host-pathogen interactions from innate to adaptive
immunity. The relevance score is basically a measure-
ment of the variation of the regulation activity under a
condition transition. According to the dynamic mod-
els, the constructed PPI network under a specific mi-
croarray experiment condition can be written as fol-
lows:

[ D(lm k+1]] _0<1h) 0(<1r|3 Y11 Yim |
Dw)[k-F 1| _ O‘Q 0§\|h) YN1L YNM
P [k+1] Y11 v of” aih)
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or in a more concise form:
plk+1] = Aplk + B+ €[k+ 1] (5)

whereA is a matrix representation of the network con-
structed under a specific microarray experiment con-
dition. The regulation ability difference of two PPI
networks between innate and adaptive immunity can
be expressed as the following interaction difference
matrix form (Wang et al., 2014):

(6)

In the condition transition, if the variation of the reg-
ulation abilities of a protein is larger, it may implies
the protein plays a more important role in the condi-
tion transitions. So the relevance score of a protein
can be defined as follows:

 Saalldedl
~ Degree of proteimp

DcondZ—condl =] Acondz F Acondl

RS ()
wheredpq is the pa-entry of Deonap—condat, that is, the
average regulation ability variation of the protgin
The degree of proteipis the number of non-zero ele-
ment inpth row of the difference matri®¢ongcondt-

The relevance score is proposed to evaluate the inter-

action variations of proteins in the network.

3 RESULTS

3.1 Overview of the Host-Pathogen
Protein-Protein I nteraction
Networ ks (HP-PPINSs) for Innate
and Adaptive Immunity

In this study, we aimed to understand the roles of

albicans-zebrafish Infection Model

(A) 'Primar}./ response 'Second.ary response

Magnitude of response
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Datal 10°CFU C. albicans
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Pathogen

05124 6 8121618
hours post-injection

26 12182430 36 42
hours post-reinjection

Temporal gene expression
profiles of innate immunity | |profiles of adaptive immunity
(Data 1) (Data 2)

Feature selection

Inferred PPIs from databases|
and ortholog information

Temporal gene expression

Protein pool

Parameter identification

\

Innate dynamic PPI
network

Adaptive dynamic PPI
network

Figure 1: The overview of microarray experiments. (A) The
schematic of two microarray datasets. In the first dataset,
gene expression profiles of th& albicansand zebrafish
are recorded at 9 time points-). It mainly represent the
outcomes of HPlIs in the innate immunity (green dot line).
In the second dataset, gene expression profiles ot thad-
bicansand zebrafish are recorded at 8 time poim3. (It
mainly represents the outcomes of HPIs in the adaptive im-
munity (yellow dash line). (B) The overview of microarray
data. (C) Flowchart for network construction. Features se-
lected from the two microarray datasets consist the protein
pool. The parameters in the dynamic models are identified
based on the expression profiles and the interaction infor-
mation of the selected features. In the end, two dynamic
HP-PPINs are constructed for innate and adaptive immu-

host-pathogen interactions in the innate and adaptivenity-

immunity and the transition from innate to adaptive
immunity with a systems biology approach. The out-

the dynamic models of the microarray data and fur-

comes of host-pathogen interactions are representedher visualized as two HP-PPINs (Figure 1B). The
in the simultaneous measurements of the temporalprotein pool encompassed 1620 proteins of interest

gene expression profiles during the periods when in-
nate and adaptive immunity are activated (Figure 1A).

including differentially expressed features and the top
5% of the expression level difference between innate

The HPIs in these two periods are then extracted by and adaptive immunity (see Figure 1C) and there are
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26060 PPI candidates. Then using dynamic network (A
construction (see Figure 1C and methods for details),
the resultant networks are consisted of 1512 proteins
(1431 for theC. albicans 81 for zebrafish) and 5722
PPIs (5510 for the intracellular region Gf albicans

145 for the interspecies interaction; 66 for intracellu-
lar region of zebrafish) for innate immunity and 1578
proteins (1480 for the&. albicans 98 for zebrafish)
and 3755 PPIs (3577 for the intracellular regiorCof
albicans 96 for the interspecies interaction; 82 for
intracellular region of zebrafish) for adaptive immu- :
nity. The details of the amount of nodes and edges | c.abicas ~ ~ - C. albicans-zebrafish
are summarized in the Figure 2B. In the amount vari- -
ation of the nodes and edges of the pathogen, al-
though there exists plenty of nodes shared by both in-
nate and adaptive immunity in the host-pathogenand  node
pathogen-pathogen regions (Figure 2B), the number

of edges has changed from 5511 to 3577, that is, only

(B)

host-host
host-pathogen

pathogen-

athogen
1203 edges are shared (Figure 2B). This implicates : =
that the pathogen may use the almost the same set of = Adaptive
protein (~85%) but the different links to interact with -y M 5
the host and regulate functions within the pathogen it- host-host
self under different challenges at innate and adaptive  Edge ( 109 ( 36 ) 60 ) host-pathogen
immunity. In contrast, the host might use a slightl )
differenttystrategy for self—regulatio%. To efficiegntlyy gy \2%/ B Eiiﬂﬂﬁiﬁ

identify and evaluate the importance of proteinsinthe )
innate and adaptive immunity, we aggregated the two Figure 2: Result summary of dynamic HP-PPI network con-
networks (the innate and the adaptive immunity net- struction. (A) The difference of the constructed innate and

. . - . adaptive networks (Node color: blue and red stand for ex-
work) into an interaction difference network (IDN), clusive existence in the innate and adaptive immune re-

i.e., the matrxD in the method (Figure 2A). sponses respectively and purple stands for coexistence in
both immune responses. Edge color: blue and red stands
3.2 TheEssential Proteins and for the attenuated and enhanced interaction, respec)ively
. B) The number of the nodes and edges in the two dynamic
Functional Modules based on the (B) The nu! 9 Y
Relevance Scores

. . .. 321 TheHost-host Region
The relevance score stated in the previous section is 9

a quantity to represent the average interaction varia-

tions per links of a protein, that is, the ratio of the to- In the region of host-host interaction (Figure 3), the
tal interaction variation of a protein to the number of top ten proteins in the relevance scores showed their
links possessed by the protein. Hence, the relevanceclose relationships with innate and adaptive immune
score is considered to evaluate the extent of the inter-responses. Extracting the ten proteins and their first
action variations which may be critical in this study neighbors from the IDN, there are five components
for the observation of the amount of the nodes and in the host-host region. The biggest one is consisted
edges in the IDN (Figure 2A), the difference between of 2, LOC798231, LOC793315ace2 gnail, and
innate HP-PPIN and adaptive HP-PPIN. Comparing their first neighbors. Starting fromnat2 a host G-

to the other similar calculation (Wang et al., 2014), protein, also one end of HPIs has connections with
our proposed relevance score is more proper to evalu-chemokines-related proteingck-c5a and si:dkey-

ate the interaction variation of proteins in the network 269d20.3) and chemotaxis-related proteins (ENS-
since the consideration of degree of protein excludes DARP00000105159 and ENSDARP0000111107).
the proteins have many links of little variations. In Then angiogenesis- and coagulation-related proteins
the following we would focus on the proteins of the (agt, ace2 f2, and ENSDARP00000098661) are con-
top ten in relevance scores at three regions, that is,nected to the chemokines-related proteins. In the fi-
the host-host, host-pathogen, and pathogen-pathogemal part of the components, there are three more pro-
region, respectively. teins, serine proteinase inhibitosefpinc), proki-
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Budding, filament growth, and cell cycle
Figure 3: The ten proteins highest in relevance scores in the Figure 4: The ten proteins highest in relevance scores in

host-host region and their first neighbors. The nodes with 6 pathogen-pathogen region and their first neighbors (The
shadow are the proteins of higher relevance scores (Theeaning of node color, edge color, and line style are the
meaning of node color, edge color, and line style are the ¢;me as Figure 2.).

same as Figure 2.).

neticin (ENSDARP00000109666), and suppressor of its im_‘Igence onthe RNA poly_merase Il although the
IKBKE 1 (sike]. In this component, the roles of SPecific affected genes are still unknown.
angiogenesis and coagulation are manifest in the in-
nate and adaptive immunity. - The second compo-
nent mainly consists of complementsf, c8g, c8a,

c8hb, c9) and vitronectins \tna and vtnh). Given = In the host-pathogen region, we also selected 10 pro-
the well-known roles of complement system in im- teins from the host and the pathogen, respectively.
munity, the vitronectins got researchers’ attention in Those interspecies proteins form more complicated
the field of immunity recently (Gerold et al., 2008). interaction networks in the host-pathogen region (Fig-
Thecd36and apo”poproteins form the third compo- ure 5) MeanWhile, the functional structure is Sllghtly
nent. CD36 plays a pivotal role in macrophage foam- different comparing to the host-host and pathogen-
cell formation and atherogenesis, which is reduced by Pathogen regions. A possible mechanism how redox
apolipoproteins. Although the last two components Status in the host and pathogen correlates is shown
are less documented, the versicamant) and tank in the extracted IDN, i.e., the interaction between

are reported their roles on the inflammation (Wight thioredoxin ¢xn) and RiboNucleotide Reductase 1
etal., 2014). (RNR1). In addition to the redox role of RNR1,

RNR1 also has impact on the iron utility, filament
growth, and cell cycle. This implicates the effect of
redox status on the pathogen is multifaceted. One
In the pathogen-pathogen region (Figure 4), the ten of the interactions of RNR1, the link between RNR1
proteins with the highest relevance scores and theirand CAL0003932, is attenuated in the adaptive im-
first neighbors form a single component. In this com- mune response. This implies the ability of adap-
ponent, the importance of redox status in the innate tive immunity to attenuate the deubiquitination and
and adaptive immune responses is emphasized agaimegradation of proteasome in the pathogen. How-
(Wang et al., 2014). ERG1, CAL0005908, MET10, ever, CALO003932 has not been well-characterized.
and GCV3 are all related to the redox statuofl- A group of chemokine-related host proteins consti-
bicans Also CAL0005225, ERG1, and SDS24 arere- tutes another similar function in the host-pathogen re-
sponsible to the expansion Gf albicansdue to their gion. Comparing to the chemokine-related function
functions on the budding, filament growth, and cell in the host-host region, its roles in the HPIs are more
cycle, respectively. Especially, MET10is also respon- interesting. CAG1, the entry how chemokine-related
sible to the responses to the stress from the host andunctions affect the pathogen, is related to the hyphal
environment. Another major function in this compo- growth, mating, and biofilm formation of pathogen,
nent is the transferase activity. MET2 is a homoser- which are all important in the pathogenesis. Besides
ine acetyltransferase which can transform homoser-the same functions (redox status and chemokines) in

3.23 TheHost-Pathogen Region

3.2.2 The Pathogen-Pathogen Region

ine, a toxin forC. albicans to another compound.
ARG3 would facilitate the production of citrulline,

which can induce the pseudohyphal morphogenesis.

The morphology transformation €. albicanshas
been proven to be important in the pathogenesis of
C. albicans In the end, the hydrolase, CAF16, exerts

the pathogen-pathogen and host-host regions, there
are several functions which can only be seen in the
host-pathogen region, that is drug responses, fatty
acid, glycine metabolism, and circadian. The inter-
actions among TAF6Qgtf2a2 polr2e emerge in the
adaptive immunity. TAF60, a transcription factor, is
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other. We found that the pathogen may change the in-
teractions between proteins rather than recruit a whole
new set of proteins to react with the host. Hence,
we proposed the relevance score to quantify the dif-
ference of the regulation of a protein between the
innate and adaptive HP-PPIN. The relationships be-
tween the HPIs and several proteins of higher rele-
vance scores are verified by literatures. Also, sev-
eral not well-known proteins but with higher rele-
vance scores are suggested their roles in the HPIs.
Moreover, the circadian-, redox status-, angiogenesis-
, and coagulation-related functions are correlated in
the HPIs. The interplays among the four functional
Figure 5: The ten host and pathogen proteins highest in reIe-mOleIeS cause the changes in the mechanisms of the

vance scores in the pathogen-pathogen region and theirfirstpath()genes's’ responses to stresses, and cell cycle in

neighbors (The meaning of node color, edge color, and line the C. albicans In the end, these pr_oteins of higher
style are the same as Figure 2.). relevance scores and the four functional modules are

regarded as the essential components in the HPIs as

responsible for the drug responses in the pathogen andVell as the potential targets for future drug develop-
gtf2a2andpolr2eare related to the gene transcription MenNts.

in the host. Their interactions stand for a possible

mechanism how the effects of HPIs are exerted into

the gene level. Other proteins for drug response are ACK NOWLEDGEMENTS
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