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Abstract

Pulmonary complications are frequent following hematopoietic stem cell
transplantation, including infectiomsd pneumonitisWe have used @urinebone
marrow transplanBMT) modeland murie g a mmah er p-68stostudyu s, o HV
alterations in artviral immunity posttransplantWhen challenged with H 68, BMT
mice have reduced ability tontrollytic viral replication in tle lung despite immune
reconstitutionBy day 21 postnfectionthe virus is latentandBMT mice, but not
control,develop pneumonitis witreduced oxygeation fibrosis, inflammation, hyaline
membranes, and foamy alveolar macrophages, a phenotype whst$tp7 weeks post
infection.BMT mice have an increase in cells harvested by bronchoalveolar lavage
(BAL), and this population is enriched in neutrophils, CD4, and CD8 cells. BAL fluid
from BMT mice at day 2hasincreasegro-fibrotic factors, includig hydrogen
peroxide, nitrite, anttansforming growth factebeta T G B.efectivecontrol of lytic
virus infectionin BMT mice is not related to impaired leukocyte recruitment oectefe
antigen presenting cell function. Rather, BMT lungs rda&eased numbers of
protective Thl cells and increased numbers of Thl1gceli n r es pG8.BME t o o HV
mice are also characterized byiammunosuppressive lung environment at the time of
infection that includes overexpressiohT G F pplostaglandifE,, and increasedregs
Neitherpharmacological blockade pfostaglandin synthesis nor depletion of Tregs
improved host defensflounder st and t, BMT miceweee tran$plante@ F b

with transgenic bone marrow expressing dominant negativéb T&epor Il in T cells

Xiv



(Tcel-DN-T G F b Riuhder the CD11c promoter (CDEDIN-T G FR#), blocking

TGFDb s i gGD4 and @O cellsm CD1leexpressing cells, respectivellcell-
DN-TGFbRI | BhislvErestoredytc viral load andmproved Th1l respons#)ese
micearelargely protected from the pneumidis phenotype. However, CD1Ddl-

TGFDbRI | BskbWinareiasedsusceptibility to lytic infectipgimilar to wild type

BMT, and areonly moderatelyprotected from pneumoniti$hus, our results indicate

that overexpressionf TGFb1 f ol | o wBMTgesultsyireihpai@dTidat i v e
responses to viral infection, resulting in increased lytic viral load and pneumOitis.

data provide new insight into tip@tentialcauses of impaired antiral immune

responseand development of pneumonitishematopoiet stem cell transplant patients.
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Chapter 1

Introduction

Overview and Hypothesis

Hematopoietic stem cell transplant (HSCT) is an important therapy used to treat
several lifethreatening diseases. Despite success in disease treatment, transplant
recipients are atisk for a number of pogtansplant complications, both nawrfectious
ard infectious. Pulmonary complications are particularly prominent. Because
opportunistic infections have been reported to occur latetparstplant in autologous
HSCT recipient$6, 7), and becase functional deficits of immune cell function post
transplant have been reporiadsitro (8-12), we hypothesized that pesansplant
alterations in immune cell function could contribute to increased susceptibility to virus
infection postHSCT. Additionally, based on the recent prospective study shdahétg
early postHSCT virus infection was associated with development of lateinfentious
pulmonary complication§l3), we hypothesized that uncontrolled pulmonary virus
infection postHSCT, due to functional deficits in immune cells, could contribute to later
development of pneumonitik these studies, we have used a murine bone marrow
transplant (BMT) model and murigea mma h e r p e $§, to studg glteraiidhd/in
antiviral immunity and development of pneumonitis and pulmonary fibrosis post

transplant.



Hematopoetic Stem Cell TransplantatioBefinition

HSCT involves ablation of hematopoietic cells by chemotherapy and/or total body
irradiation (TBI) followed by subsequent infusion of self or dederived hematopoietic
stem cells (HSCs), which will repopulate the immune sys&nte the first transplants
were performed in cancer patients in the late 1954sl5), HSCThas become an
important therapy for the treatmentaohumber of diseases, includisgveral typesf
malignancies such amsultiple myeloma,eukemiasand lymphoms. HSCT may be used
as a rescue therapy following higitensity chemotherapy or TBI used to eradicate
cancer cells. HSCT allows for replacement of-4needignant cells which are also
destroyed during treatment. Qiftémes in the allogeneic setting, HSCT is used so that
alloreactive T cells in the graft mediate gredirsustumor effects, with the end goal of

eradicating the cancé¢t6).

HSCT is also an important treatment optionifdreritedhematological
disordersincluding aplastic anemia, sickle cell anenaiag severe combined
immunodeficiency(16). Recently, HSCT has been increasingly consideseal a
therapeutic option for severe autoimmune disorders, including systemic sclerosis,
rheumatoid arthritis, and multiple sclerosis. Randomized clinical trials evaluating the
effectiveness ohutologoudHSCT in treating these disorders are ongoifigeimmune

systemis thought tdi r e s e-tramsplpnt, eeplacing the autoimmune repert@i.

Following conditioningpatients aréntravenouslyinfusedwith HSCsderived
from bone marrowumbilical cord blood(18), or mobilized peripheral blood cells from

donorstreated withgrowth factors such as granulocyte eolstimulating facto(G-CSF)



(19). In allogeneic transplants, patieméxeivedonorderived cells, anchiautologous
transplantswhich are performed more frequenfR0), patients are infused with their

own cells (havestedand cryopreserveprior to conditioning)These transplanted cells

will expand and differentiate to fill the niche of the conditioned Hos.estimated that
30,000 auttmgous and 15,000 allogeneic transplants are performed annually worldwide

(16).

Despite the increasing use of HSCT as a therapeutic option, its effectiveness is
severely limited by pogransplant complications that lead to significant morbidity and
mortality in transplant patients. Pasansplant complications, particulaity the lung,

both infections and neimfectious, are significant barriers to HSCT success.

Hematopoiesigand Stem Cell Homing

Cells of the immune system are derived frid®C precursors in the bone marrow
a seltrenewing population which has the potential to differentiatenatoly all
hematopoietic cell lineagedSCsare identified by their expression of the marker CD34.
HSCs give rise to multipotent progenitor cells, which in turn give rise to thenon
myeloid progenitor (CMP) and common lymphoid progenitor (CLP). Erythrocytes,
platelets, neutrophils, monocytes, eosinophils, basophils and myeloid dendritareells
ultimatelyderived from CMP cells. Lymphocytes, including T and B cells, arise
following multiple differentiation steps from the CL#&s do natural killer (NK) cells and

plasmacytoid dendritic celld, 2) (Figurel.l).

Development of both B and T cells involves the genomic rearrangement of

antigen receptor genes, creating a diverse repertoire of antigen spedifieig. cells are



the main cell types involved in the adaptive immun@aase, which is able to generate
immunological memory following activatiofi. cells develop from CLPs which emigrate

from the bone marrow to the thymus, where these cells undergo a series of developmental
steps, resulg in positive and negative selection. B cells undergo development in the

bone marrowThe diverse antigen specificity of B and T lymphocyte populations is in
contrast with the more limited, germli@mcoded receptors expressed on innate immune
cells. Innatammune cells recognize antigens via binding to pattecognition receptors
(PRRs), including tollike receptors (TLR). PRRs recognize general repeated pathogen
and endogenous danggssociated motifs. Activation of the innate immune system does

notdirectly result in generation of immunological memdgag).

HSC

Killer

J Natl:ral ‘pDC

MEP GMP

l Monorcyrlrtrtre H BaS(;phiI ” lriés;ﬁophilmlilr Neutrophn{ “ nin’]DC I
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Figurel.1l. Hematopoiesis (Adapted frofh, 2)). HSCs differentiate intc
the multipotent progators (MPP), which further differentiate into the
common myeloid progenitor (CMP) and the common lymphoid
progenitor (CLP). CMP cells give rise to the megakaryceyyghrocyte
progenitor (MEP) and the granulocytenocyte progenitor (GMP).
These progenar cells then differentiate into the effector cell populatic
shown.




The selfrenewal and pluripotent capacity of HSCs is demonstrated by a study
reporting that a single HSC transferred into a lethally irradiatedieatipould lead to
repopulation of the hematopoietic compartm@2). HSCT takes advantage of the ability
of HSCs to traffic and homigom the blood (where they are infused during transplant) to
the bone marrow nich&he signals involved in the homing of HSCs to the bone marrow
posttransplant are the sams those involved in initial homing during development.
Studies have shown that H®0ming is very rapid, occurring withinZhours post
infusion(23). Homing of HSCs occurs via the expression of the chemokine receptor
CXCR4 on HSCs, which interacts with SDFexpressgon bone maow endothelium

and bone marrowtromal cellg23).

HSCT Conditioning

Specific onditioning regimens for HSCT vawyidely between transplant centers
and dependn clinical disease coursas well as the health and age of the patigms
standard preparative regimen since the 1980s has been a combination of treatment with
fractioned TBlandcyclophosphamid€L6). TBI is given in fractionated doses to reduce
overall toxicity, and organ shielding may be used to prevent further toxXaditer
preparative regimens do not include TBI and involve the usefefeiit
chemotherapeutic agents including busulfan, sometimes in combination
cyclophosphmide (24). Clinical trials indicate that different conditioning regimens may
be more effective in treatment of different diseases. For instarstedy hashown that
treatment of myeloid leukemia is similar between groups with or without TBI, but TBI
was reportedo be advantageous to patients receiving HSCT for acute lymphoblastic

leukemia(24).



Treating patients with these regimens has several consexg)@mcluding
eradication of ralignant or selreactive cells. Conditioning ablates recipient immune
cells,providing an immunosuppressed environment for the transplantation of allogeneic
cellsand reducing the risk of graft rejecti@?¥, 25). It has also been suggested that
conditioning provides a niche for transplanted céfishe case of malignancy,
conditioning regimens can break down tumors, releasing tumor antigen to be taken up

and preseted by antigen presenting cqls5).

Conditioning egimenshave histoically beenmyeloablative More recently,
reducedintensity conditioning has been us&kducedntensity regimens allow HSCT
to be performed in older patients and patients with organ dysfurvetiortould not
withstand the more intense myeloablative megs In the case of malignancypalance
exists between preventing conditioniagsociated morbidity and prevention of disease
relapse by thorough eradication of malignant qdlé. Many of the short and loAggrm
complications of HSCT relate to damage caused by conditioning; thus, efforts have been
focused on adjustgregimens to reduce damage while maintaining all the benefits of

conditioning.

Sources of Hematopoietic Stem Cells

Bone marrow has been the historical source of HSCs for transplantation.
harvest bone marrowpdors are given anesthesia, and bone omacells are collected
by repeated aspiration tife posterior iliac crestsf the hip(16). Because of the need for
anesthesia and the pain associated with this procedure, other sources of HSCs have been

used for transplant.



Recently, peripheral blood has become an important source of H®@kcing
bone marrow for most trsplantsBlood is a convenient source for HSCs, as cells can be
harvested by leukapheresis. The normally low numbers of &Rpressing HSCs in the
peripheral blood can be substantially increased by treating donors s@8Fwhich
mobilizes these celisut of the bone marrow and into the circulat{@f). The inclusion
of a small molecule CXCR4 inhibitor can further increase mobilization. CXCR4 is the
chemokine receptor involved in HSC homing to bone marrow; CXCR4 is expressed on

HSCs and binds SDE expressetly bone marrow stromal cells and endotheli{28).

Finally, umbilical cord bloodhas become an important HSC souRlacental and
umbilical cord blood can be harvested after birth and frozen prior to transplaniation.
these transplants, greater HLA mismatches between donor and recipient can be tolerated.
However, he use of cord blood for HSCT is associated with slower engrafamerthus
greater risk of infectious complicatiansdditionally, the use of cord blood che
limited by low numbers of cells harvested, though recent studies have investigated the ex

vivo expansion of cord bloederived HSCg16, 18).

Cell infusionsusedfor transplantatiomre generally complex mixtures of HSCs
and mature hematopoietic cells which are present iddherbone marrow, peripheral
blood, or cord blood. Therefore, grafts magludematureT cells Inclusion of mature T
cells in graftgoromotes immune reconstitutioand in the allogeneic settingromotes an
immune response of grafted cells against malignant @)sGreater numbers of T cells
are found in peripheral bloederived graftsthus increasing the grafersustumor
effect. This is in contrast with cord blood grafts, which tzon relatively fewT cells.
Grafts may also be depleted of T cells to prevent developmenaitivgrsushost
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disease (GVHD), where engrafted allogeneic T cells are activated against recipient
antigens causing severe tissue and organ damlagalogenéc transplants for the

treatment of malignant diseases, there is a balance between promoting alloreactive T cell
responses against host malignant tissue and preventing alloreactivenedited

destruction of normal host tissue.

Complications of HSCT

Despite promising success in the treatment of many diseases, the efficacy of
HSCT is limited due to significant transplenelated morbidity and mortality. There are a
wide variety of complications that can occur following HSCT, bothinéectious and
infectious Many complications persist lofigrm posttransplant, anthis is most clearly
demonstrated in pediatric HSCT survivors vée atrisk fora myriad of longterm side
effects(28). Complications can be related to consequences of the conditioning regimen,
the development of acute and chronic GVHD mediated by alloreactivésT arethe

manifestation of infectious complications.



Pulmonary Complications of HSCT

Pulmonarycomplications comprise a large group of pimahsplant complications
and are reported to occur in up to 60% of HSCT recipi@®s one study 082 deceased
HSCT recipients found pulmonary complications in 89% of the cqB6ytAdditionally,
HSCT patients have been reported to have abnormal pulmonary function testshong
posttransplan(31, 32). The frequent occurrence of pulmonary complications in HSCT
recipients may be associated witlitoeffects of botiIBI (33, 34) and
chemotherapeutic ager(®5) on lung tissuelnfectious and noinfectious pulmonary

complications posHSCT areoutlinedin Figurel.2.

Pulmonary complications

1
| |

| Infectious l | Non-infectious ‘
[ ! | | |
Fungal Viral | Bacterial | GVHD Idiopathic pneumonia
syndrome

- Bronchiolitis
*Aspergillus *Staph. aureus Obli
*Candida *Pseudomonas jerans

aeruginosa

*Influenza B

*RSV

*Herpes viruses:
*CMV
*HSV
*Varicella zoster
*Epstein Barr
*HHV-6 & 8

Figurel1.2 Pulmonary complications pestSCT (adapted fror(2, 3)). This diagram
outlines a subset of infectious and rnfectious pulmonary complications which he
been reported toogur in HSCT recipients.



Two major rorrinfectious pulmonary complicatiored HSCT are bronchiolitis
obliterans and idipathic pneumonia syndrome (IPBjonchiolitis obliteransnvolves
airflow obstruction and occsralmost exclusively in the allogeneic sett{B36).
Bronchiolitis obliteranss thought to be a pulmonary manifestation of GVidDere
alloreactive donor T cellare activated against host antig€dig. Symptoms ofPS
mimic infectious pneumonigd6), with mortality occurring in 6@80% of cases. There are
currently no effective therapies for the treattn@PS but some recent studies have
shown success using etanercept, blocking TNF in IPS trea(B&nThe pathogenesis of
IPS is not well understood, and it is likely that the disease is-faattrial, including the
effects of conditioning, GVHD, inflammatoell recruitmentcytokine productiomand
possibly undiagnosed infecti@86, 38, 39). IPS isnotablymorefrequentin the
allogeneic setting; however, several studies have reported its occurrersignifieant
percentage of autologous transpleettipients(36, 40, 41), suggesting that the

mechanism for this complication is likely muitactorial.

A recent prospective study of pediatric allogeneic HSCT recipients closely
monitored respiratory viral infections pesansplant and found that early respiratory
virus infection postransplant wasarrelated significantly with development iéfSand
bronchiolitis obliterans in their cohort. Importantly, patients had recovered from their
initial respiratory symptoms prior to development of later respiratonyplications
associated withPSor broncholitis obliterang13). It is interesting to speculate that an
inflammatory stimulus, such as a virus, can lead to pneumonitis and lung injury at later
time points, even after resolution of the initial lytic insWork presented in this

dissertation will support such speculation.
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Infectious complications can occur in both allogeriék) and autologous
recipientg(43, 44), though they are more common in allogeneic transp(28js
presumably due to GVHD and immunosuggsive drug therapp prevenor treat
GVHD. Pulmonary infections po$iSCT can be caused kyngi, bacteria, and viruses
(45). Invasive fungal infections in the lungs in HSCT patseate principallycaused by
AspergillusandCandidaspecieg46, 47), and lacterial pneumonis reported to be
caused byseuodomonas aeruginosédebsiellapneumoniaandLegionella(48). Viral
pneumonia in HSCT patients can be caused by herpesvimndasing cytomegalovirus
(CMV) varicella zoster (VZV), human herpesvikiegHHV-6), EpsteinBarr Virus
(EBV) and herpes simplex virus (HS\gs well as other viruses, includingluenza,
adenovirus, and respiratory syncytial vi(ds45, 49). Historically, CMV infection was
the most significant viral complication of HSCT; mortality rates of CMV pneumonia in
HSCT recipients were near 85% prior to the development oivaatidrug therapy50).
Despite advances in prophylaxis and antiviral therapwever,CMV disease remains a

significant complication of HSCT51).

11



Infectious omplications in HSCT recipients are characterized by when they occur
postHSCT, including preengraftment (during neutropenia, 1 month géSICT), early
postengraftment, and late peshgraftment (approximately 3 months ptrsinsplant)3,

48, 52). Figure1.3 summarizes infetions reported to occur during these ginahsplant

time periodg4).

Pre-Engraftment Early Post-Engraftment Late Post-Engraftment
0-30 days 30-100 days Beyond 100 days
Bacterial Legiogela .
Viral EBV

CMV . )

| Respiratory Viruses \ >l

Candida
Fu ngal P. jirovecii

Aspergillus

Figurel1.3 Timeline of infectious complications pesiISCT (4). Specific bacterial, viral, and
fungal infectious complications have a tendency to occur during differential time period
HSCT.

Impairedimmune Responses PéRtansplant

The occurrence of severe infexitscomplicationan HSCT recipientss
indicative of immunosuppression pd$8CT. While infectious complicatiorese
commonprior to engraftmeinof immune cellspatients continue to be susceptible even

late postengraftmentRigurel.3). This is partially explained by tredministration of
12



immunosuppressive drug therapy in allogeneic transplant recipients as an effort to control
development of GVHD. Howeverpportunistic infectionfiave been reported to occur

late posttransplant in autologous patieris well(6, 7). This fact suggests that

conditioning and subsequent transplantation, even in the absence of immunosuppressive

therapyand GVHD, can lead tonmune dysfunctioposttransplant

Indeed, several studidhave shown impairezkllular immmuneresponsest HSCT
recipientsReconstitution of immune cell subset numbers occurs within the first few
months postransplantwith innate populations such as NK cells, macrophages, and
neutrophils reconstitutingrior to adaptive immune cel(8, 53). AlthoughNK cells have
been reported to be largely functional ppSCT, both neutrophils and macrophages
have been reported to have diminished function-p&T T (8). B cell numbers
reconstitutan peripheral bloodavithin thefirst 4 months postransplant. Bspite normal
proliferative responses to mitogen stimulation, these cells produce little to no isotype
switched antibody within the first year pdd48CT (9). In transplant patientshe total
number of CD3+ T cells recoritsttes in peripheral blood by severabnths post
transplant; however, the ratio of CD4 to CD8 cellperipheral bloods inverted, with
increased CD8 and decreased CD4 num{@&E4-56). In the months following
transplat, peripheral T cellarethought to beexpanded by homeostatic proliferation,
leading to a limited T cell repertoire HISCT patiens, which has been reported to persist
even 3 years postansplan{56). In addition to limited T cell repertoireggeral studies
havereporteddeficiencies in peripheral T cell function pd$8CT usingn vitro assays
of T cell functon. T cells fromautologoudHSCT recipients were shown in one stiidy

havediminishedproliferation in response to both PHA stimulation @and mixed
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leukocyte reaction (MLR)T cell proliferation to these stimuli did not reach-pre
transplant levels evehyear postransplan{10). Other studies have found similar
decreass in proliferation in response to a@i3, anttCD2 and PHA stimulatiofil1,
12). One group found a greater reduction in frequencies of mitoggponsive T cells
from peripheral blood of autologous recipients compared to allogéw®jcsuggesting

that immunodeficiency po$tiSCT is not solely related to grafersushost effects.

Taken together, studies of immune reconstitution in HSCT patients suggest that
significant alterations immune cell phenotype and function occur following transplant.
Mechanisms for these alteratidmsve not been completely elucidated for eaalhtype
and may depend on the type of transplant, clinical disease course, or the specific time

postHSCT.

Murine Models of Bone Marrow Transplant

The wide variety of indications, conditioning regimens, and variations in
protocols among transplant centers and patientploeatethe understanding fo
mechanisms of immune dysfunctionHSCT patients. Thdevelopment of a small
animal model of HSCT has been critical for controlled study of the mechaoisms
impaired immunity postransplantMurine models of HSCTypically involve TBI
followed bybone marrow transplantation (BMT) between inbred mousens(&). One
major advantage of murine BMT models is #imlity to use transgenic mice as BMT
donors or recipients in order to understaoles of specific gesantransplartion The
large numbepof inbred mouse strairesoallows for the development of several

allogeneic transplant models. Additionally, the use of syngd3idit (transfer between
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genetically identical donors and recipientg)dels autologous transplant and,
furthermore allowsfor study of conditioning and transplantation in the absence of the
confounding effects of GVHD or immunosuppressive drug therapgther important
advantage of murine BMT models is the ability to gtluchction of tissueesident
hematopoietic cells; human studies argelylimited to studying functions of cells

derived from peripheral blood.

Innate Immune Defects in Murine BMT

Our laloratoryhas previouslyised murine BMT to understand alteratioms
innate immune responses to pulmonary bacterial infecpiogransplant These studies
haveestablished a syngeneic BMT model wherein transplanted mice are more susceptible
to lung infection byPseudomonas aerugingsdespite having completely restdrtheir
hematopoietic compartment in both the periphery and the Tuagsplanted mice have
increased bacterial burden in the lung and bacterial dissemination to the blood at 24 hours
following intratracheal infection when compared with fiansplantedontrol mice(59).
This inability tocontrol P. aeruginosanfection is related to dysfunctional innate immune
responses, including defective phagocytosis and killing of bacteria &ylatv
macrophageand defective bacterial killing Hung neutrophils Alveolar macrophages

al so produce reduced |l evels 6O the proinfl

In this model, lungs from BMT mice overproduteimmunacuppressive lipid
mediator prostaglandin,EPGE,) which impairs innate imnmity to P. aeruginos#60).
When BMT miceare treated with indomethacin, a cyclooxygenase inhibitor which blocks

PGE synthesisbacterial burdens in the lung and blood are significantly reduced to levels
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observedn nontransplant control mice. Additionally, indomethacin treatment can

restore function of BMT alveolar macrophages and neutrojphilgro (60). Recent data

suggest that PGEuppresses alveolar macrophage function by inducing the upregulation

of IL-1R-associated kinase (IRAK) in these cells, thus inhibiting MyD8&ependent
signaling responses. Bacterial <clearance,

restored in the BMBetting by using IRAKM knock-out mice as BMT donor&1).

Murine Gammaherpesvirué8

For studies in this dissertation, we chose to use a murine gammaherpesvirus as a
model pathogen to understand howi-airal may be altered following murine BMT.
Murine gammaherpesvire®& 8  (-88Higo known asMuHV4 or MHV-68) is a double
stranded DNA virus with genetic similarity to the human gammaherpesvikisst®in
BarrVi r us and K aAssosidtedHerpeSwas (alsm kmawn as human
herpesirus-8). Its genomeconsists of 118, 237 base pairs, encoding approximately 100
viral genegq62). Althougho H 8 was first isolatefom bank voles in Slovakig3), it
is able to establishinfecton i n | abor atory mo68iefectonin ai ns,
mice an important model for understanding of gammaherpesvirus pathogevasis
(64,65. The nat ur al68infectioh leas rotfbeen #elnhitively established,

though it is thought to be via the respiratory route.

When del i vered i ni68 establskes anlagute,tlyociriea c e, o H
primarily in respiratory epithelial cells, which lasts approximately 10 dayal
replication peaks approximately®%days posinfection, and lytic replication is largely

absenfrom the lungafter 14 day¢66).Fol | owi ng t he aB8ute i nfect

16



establishes ahronicinfection by establishing latengyimarily in splenic B cellsbut
data from our laboratory shatwatthe virus also persists lang fibroblasts, epithelial
cells, macrophages, and B c€ligl, 67). 0 H 8 infectioncan persist for the life of the
host, with presumed periodic reactivation from latency. Only under conditions of

I Mmmunosuppr e s6scaose diskaseis theonfebted host.

Similar t o EB68indued teeddevelopment ofanfestious
mononucleosis ansblenomegalyThis involves the expansion of polyclonal B cell
popul ations, as well as expansion of CD8
(66). Splenomegaly peaks approximately 2 to 3 weeks after initial acute infection.
Thereafter, the number of latently infectgalenocytes normalizes to steeastgte; it has
been estimated that 1 in°10 1 to 16 splenocytes maintain latent infectig8). During
persi st ent -68ndctvatidnis targely preented by adaptive immune
responses; however, some viragatvation is thought to occur. The mechanisms of
reactivationarenot clearly describedchowever, TLR ligation has been suggeg&d).
Interestingly, several studies have indicated that the latent viral loacholaesrelate
with thedegree of viral replicatioduring acute infectio (70, 71). One study found
equivalent levels of latency in the spleen in mice challenged with an initial intranasal

viral dose ranging from 40 to 4x1pfu (72).

0 H88 expresses several genes which are important for its patssyaral
these genes are differentially expressed during lytic replicatidrviral latency. During
Il ytic r e p-b8ergpeesseseveral genell, Yhcluding viral DNA polymerase
gene andhe viral capsid glycoproteigene gR73), as well as ORF50, which encodes
the viral lytic switch gene product, essential for Iytic replication and reactiv&everal
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genes have been identified as important in the establishment of viral latency, including
MLANA, which functions to maintain thviral episomeORF72 is a Cyclin D homolog
which is required for viral reactivation from latency. Otlaeal gene productave been
found to promote viral immune evasion, including K3, which talygiC Class |

proteins for ubiquitination and M3, a GBemokinebinding protein(69).

| mmune c¢ o n-68rinvdlvesanterplayHb&tween many cell typEse
i mMmmune r es p68immlees activationtdMCD4, CD8, andcBlls and each of
these cell types i s -68replicatiorinaivotStudieshaveont r ol | i
revealed that C57BL/6 miageficient in CD4 cells have increaseidal titers and develop
a chronic wasting disea¢#4). While C57BL/6 mice lacking CD8 celts B cellsalso
have increased viral titg, these mice do not develop disease from infe¢6bn75, 76).
The relative contribution of each cell type seems to depend on the specific inbred mouse
strain.Several studies have estald hed t hat | FNoO production by
critical for control of lytic replicatior{77-79) and that CD4ells have direct effector
function(as opposed to controllirigfection via providing help to CD8 ce)l§75, 76).
Natural killer cells do not seem to plagsticalr ol e i n c¢ o68infeatidn] i ng 9 HYV
t hough these cel | s-68mfeation@® 81)i Theacytekibe dur i ng oH
environment daBinfeatian isa@aminates byoptdidflammatory, Thl type

cytokines, i 6,dL-1lubd il@gL lafmig6). T NIFLU

Data from our laboratorgaveshown thatn the lungp H 68 latency alters
production of proinflammatory and profibrotic mediators in several cell types. Lung
fibroblasts, alveolar macrophages, and B cells isolated from latently infected mice all

produce increased levels of the profibratid mmunomodulatorgytokinetransforming
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growth factorTGFb r e | at i-te&ted tomtrolsmace. Addidgonally, increased
chemokine and TNFU expr eisfectedocell{6f)eThesedata por t e
indicatethatvirus latency alters the immune and inflammatory environment of the

persistently infead host.

Transforming Growth FacteBeta

TGFDb is an i mportant plleekooytes; iocluding cyt oki
lymphocytes, antigen presenting cells and NK @B, as well as structural cel83). It
has multiple roles in embryonic development, cellular migration, diffexteon, and the
immune systemWhi | e TGFb1l is the prototypical TGFI
i soforms of TGFb expr-b2 ;s ebd3i@d.icacmaf thesais s ( TGF
secreted in the latent form, naovalently associated with a homodimer of the latency
associated peptid23,85, whi ch i s capabl e (8)LAP,inhi bi t i n
turn, can be linked by disulfide bonds to the lafEr® Fdssociated protein which allows
the whole | atent TGFb complex t @d5beT@BBBoci
must be released from its latent form, disassociating from LAP, in order to function.
There are several ways in which T@&FKb can b
integrins(88), or change inpH89). TGF b1 i s t he mai onthesof or m wi

immune system.

ActivatedT G Fdimersmediatetheir functionsvia serine/threonine kinase
receptorsTGFb receptors are expressed on a wide
hemat opoi et i ¢ thegdndmembrafleGFMdH b iympaeds | | receptor

which then phosphoryl at es,atshhkeowTaGBRUEKEt ype |
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ALKS5 is not required for initial TGFb bind
occur. After ALK5 becomes phosphorylated, it wiilen phosphorylate and activate

SMAD proteins. Receptesssociated SMAD 2 and 3 and-SMAD-4 translocate to the

nucleus to arbitrate changes in gene express@recruitment of transcription factors

and binding the SMAEbinding elemen(82, 90) (Figurel.4). T Gdsdisobeen

reported tasignalin a SMAD-independent proce$82).

Active TGFB Dimer

A

Extracellular

 — Cytoplasm

Co-SMAD4 R-SMAD2

R-SMAD3

. . ALKS

Figurel4. SMAD-dependent TGFDb si@2hH).i Mgt (iavdka pitGad
di mers bind TGFbRIIT . Upon |igand binding,
Phosphorylated ALK5 then phosphorylates the recegdsociated SMADS,8MAD2

and RSMAD3. ThesehosphorylatedR-SMADs then associate with €EaMAD4, which

allows the comlex to translocate to the nucleus. Here, the complex binds the SMAD

binding elemen{92) and associates with transcription fact(@3) to mediate changes in

gene transcription.
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Effects of TGFbel®#n Hematopoietic C

TGFb has be e n bathanprumosuppdessiveoanchimnweostimulatory
functions, even on the same cell typasd these functioreppeato be context
dependen(82,94). Most stri kingly, TGFb is known to
peripheral t ol e-oud(KQ) mice devslop TeGerefiaminatianarnd
autoimmunity(95, 96). In addition to being knownT cell chemoattractar(®7), T GF b
can also aobn T cells tdimit their proliferation(98) and their differentiation into Thl
and Th2 phenotypes, subsets of helper T cells characterized by production of the
cytokinesIFN-o ndHL-4, respectively99, 100. T G Frbediated inhibition of naive T
cell proliferationcan be attributed in large part to its ability of inhibit transcription ef IL
2 (10)); addition of exogenous2 t o T cel |l <cultures treated
cell proliferation (albeit not completely®8). Inhibition of Th1 differentiation has been
shown to be due to the abi [Thettthe tramdcripfloGFb t o
factor required for Thl developmgii02. TGFb treat ment bl ocks T
blocking expression of GATA, the Th2associated transcription fact@?2). Studies
using transgenic mice expressinga-DNeFb RI' I i n T celcklls and mic
specific deletion in th&gfbrl gene indicatéhatboththe ability of T cells tsignal in
response po odaE e &itedtimprevention ofl cell-mediated
autoimmunity(103 104). These studiedescribecad e ci si ve rol e for TGF

T cell activation and differentiation.

Il n contrast, TGFD-bcanimdueetha difierentidgtionofn wi t h
naive CD4 T cells into théL-17a producing Th17 phenotygd&05). TGFasd can
induce thedifferentiation andn vivo expansion of regulatory T cells (Tregs), a subset of
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immunoregulatory T cells which can be identified by expression of the transcription

factor Foxp3 and are critical for maintenance of peripheral tolefa0é2107). The

i mportance of TGFb in Treg differentiation
naive, CD25CD4 T cells to Foxp&xpressing Tregs vitro (106. The abi |l ity of
to induce Treg expansion vivowas shown in a murine model of autoimmune diabetes;

in this study, intraislet injection of TGF

prevent diseas@d 07).

AlthoughTGFb signaling has been shown to in
inhibit IgG serum immunoglobulin leve(808), it alsopromotes IgA productiomvhich is
essential for protection of mucosal si(@68). Indeed, conditional inactivation of the
TGFb receptor i n B cel I-specificargiubdy resppnses r ed u ct

following immunization at mucosal sit€s09).

With respect to innate i mmune cells, TG
neutrophilg(110 and monocytegl11). Additionally, TGFb can i
produce the proinflammatory cytokine-IL [f111). In contrast, macrophagetivation
can be | imited by tfhz, pared eMK ec elf| TIfGUFrbclt iamr
TGF®2113. TGFb can | imit both NK cell homeost
| FNo, as evidenced by studi-EGFpRIFf ocomeslt i o
under the CD11c promei114). Tablel.1 summarizesome of th&knowneffects of

T G Fdm hematopoietic cells.

As a result of its pleiotropic functions and potent effects of hematopoietic cells,

TGFb has i mportant effects on i mmunity to
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the Thl response would limit immunity to pathogens such as viruses and intracellula
parasites, while TGFb has been shown to be

infections(82).

TablellEf f ect s of TGFb on I @mune Cells (adapt

Stimulatory Inhibitory

With IL-6 induces Th1T7105 Decreases T cell proliferatipactivation
(98,109

PromotesTregdifferentiation(106) Decreases Thl and TIi@9, 100

Increases IgA productiofi09 Decreases B cell proliferation and IgG
production(108)

Increases monocyte, neutrophil, Decreases macrophage activation and Ni

lymphocyte and mast cell chemotaxis | function(112 113

(97,110,111, 115

Reqgul ati on-HS€T TGFb post

The pr oduc pasttlBCT dieds beErnERovn to Aifected by the
conditioning regimens used to prepare HSCT recipients for transplant. During the
conditioning period, an initial drastic re
occur in both autologous and allogeneic HSCT recipigit§), and TGFb1l | evel
plasma of allogeneic HSCT recipients underwenffaldidecreas¢l17). This pattern
was also noted in a mouse model of all ogen
greatly reduced 7 days pdasansplan{118. Serum TGFb | evels in bc
autologous patients were shown to return to normal levels between 20 and 50 days post
transplantand this recovery correlated with the return of white blood cell and platelet

counts, major sourdd® of TGFb1l in the seru
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Production of T GHSEThasbeentepoetad tode inceasedp o s t
TGFb mMRNA transcripts were found to be el e
experiencing cutaneo@VHD (119). Additionally, high dose irradiation can stimulate
overproduction of T38.Flbamuiine mdddl ef mideneima n | ung
HSCT, TGFb transcript |l evels in the lung w
increased relative to that of noransplanted control mice at day 7 ptisinsplant;
including cyclophosphamide in the prsSCT conditioning regimen potentiatedsth
increasg118. Taken together, these studies sugges
dysregulated following conditioningand HSCT t hough TGFDb producti o

cell typesposttransplanhas not been analyzed in a systematic study.

Because of the pleiotropicnate o f TGFb, the potential e
dysregulation postiSCT are likely to be complex and contradict@yudies have shown
thatd t hough TGFbB ma y(11lF, 126)iit tnayalsocaniibuté ¥ th®
development of chroniGVHD and fibrosig120, 121). Early postallogeneicHSCT, the
presence of TGFb may prevent graf(122or ej ect i
The rol e of TGed®#HSCTs alsamcenplexiVeile theresaepotentially
beneficial effects in terms of leukocyte recruitm@i 110, 111, 115 and IgA
production(109), there is also evidendem amurineBMT modelindicatingt hat TGFD
can directlypromote virusnduced pneumoniti€l23 124). Pot ent i all effects

postHSCT are shown ifigurel1.5.
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Figurel5 Pot ent i al

beneficial and detrimental.

PulmonaryFibrosisand T GFDb

Organ injury and fibrosis are detrimental complications of HSCT. Fibrosis is
characterized by dysregulated deposition of extracelin&rix (ECM) proteins such as
collagen, ultimately leading to organ scarring and failtire fibrotic process the lung
can be initiated following epithelial cell injury, where mesenchymal cells including

fibroblasts and myofibroblasts produce collagen and other ECM prd®eimsonary

e

Increased organ fibrosis

Impairment of antiviral
immune responses

&

Development of pneumonitis

J

e f FHSCT(S.
pleiotropic cytokine with a complex role in the immune system.
Dysreqs | at i on oHSCT lasdevenal patential effects, bottk

fibrosis can occur as a complication of HSS]J.

pathogenesis of fibrotic diseale?1), is a potential biomarker for development of

fibrotic complicatonsTGFb 1 can st

myofibroblasts leading to fibros(83).

alpha smooth muscle actin expression in lung myofibroblasts also leads to alveolar

Furt

T G Fcéniral mosecule in the

i mul ate col

her mor e,

contraction, which further limits gas exchar{@25).
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Patients who developed pulmonary fibrosis as a result of autologous transplant for
treatment of breast cancer had increased |
conditioning when compared patients who did not develop disease and healthy controls
(126). Therole oftransplait nduced TGFBb i n the induction c

HSCT in humans has not been evaluated; however, irradiation injury has been shown to

i nduce TGFDb1l i n bot 34 024 &3 nTakentdgethen thesa | l ung
data strongly support a rol e f owhichdgdb i n m
late postHSCT.

Pulmorary fibrosis isthought to benediated by several piftbrotic factors in
addi t i o nOxitative 3tré€sE, Including production of reactive oxygen and nitrogen
specieshas been implicated in contributing to pulmonary fibrasisoth humar{128)
and muring129) studies Indeedreactive nitrogen intermediates have been shown in
ani mal studies t o s t(l30nThe mdckanigms loyavhicht i on of
reactive oxygen intermediatesay promote fibrosis includéeir ability to activate the
transcripti on {lgpomairgnflaMmagidsandtmrdabiliy o
directly degrade ECM componer{tis31). In addition, one study has shown that low
levels ofhydrogen peroxide can promote proliferation of human fibroblast cellilines
vitro (132). Activation of the coagulationascade has also been shown to promote

pulmonary fibrosig133).

Alternatively Activated Macrophages

Alveolar macrophages are the cell type which comprises the large majority of

cells in the alveolar space of the lung under baseline conditrogeneral, macrophage
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can be activated to one of two general phenotypes: classical activation or alternative
activation. Classicalhactivated macrophages are finlammatory cells which express
induci ble nitric oxide synthase (i NOS), an
Alternatively activated macrophages are phenotypically and functionally distinct from
classically activated macrophages. Thesls play a role inthe normal wound repair

process antlave been shown to promote fibrogiternatively activated macrophages

are identified by expression ofginasel, an enzyme which promotes collagen

production and fibroblast proliferatiqtt34, 135). Alveolar macrophages from idiopathic
pulmonary fibrosis patients and in a murine madél H&HIMuced pulmonary

fibrosishave been shown to expresgiaasel (136). Inthisc h r o n 68induddd/

pul monary fibrosi s moumitethe alvedlaFnmaorophagese pt or
were reported to be histologically large and fogd86). Development of alternatively

activated macrophagesthowght to be largely dependent on the production of-iijp2

cytokines, including It4 and 1L-13 which can both directly induce alternative activation

(135

2 H¥8 and Fibrosis

| nf ect i 0468 has beeh repoited to potentiate theetigoment of fibrosis
in several mur HWe8i mé @eelt edy ¢ t- édimesdevelape pt or KO
multi-organ fibrosig137), and splenic fibrosisiithese mice has been related to the
development of alternatively activated macrophagesessing the prdibrotic gene
arginasel (138. Addi ti onal |y, 6&irducddepuirmohasydibnesiat of O

in I FNo receptor deficient mice al so sugge
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macrophages in siease pathogenesis36). In both of these cases, the Tsizewed

nature of the mouse likely contributed to the alternative activation of the macrophages.

Studies from our | abor aV-68rinfectibndov e s hown
augment pul monary f i bi®can causdintreasdd collageny pe mi
deposition, fibrocyte recruitment, and diminished lung function when given to mice with
established pulmonary fibrosis due to intratracheal instillatidluofescein
isothiocyanat€139). Additionally, mice develop more severe disease if given fibrotic
chal |l enge £68inféctowandlagency ebpared to uninfected n{ic40).

Potential mechanisms include virugluced upregulan of profibrotic factors,

including TGFb, which®6/persist during viral

Antigen Preseting Celb

Antigen presenting cell\PCs)are critical for development of an effective
adaptive immune respongepathogens. Dendritic cells are considered tprb&essional
APCsandthe key cell type whicbridges innate and adaptevimmune responseEhe
current paradigm holds thahmaturedendritic cellan the tissuesample their
environment by macropinocytosaasd present antigens on surface MHC molecules.
Dendritic cellscanbecome activated upon repuotion of a pathogen viBRRs including
TLR stimulation.Mature dendritic cellthenmigrate from the periphery gecondary
lymphoid tissueswhere they express high levels of MHC Class Il ametgulate the
costimulatory molecules CD8C,D86, and CD40among others, which are important for

initiation of T cell responsg4d.41). Cytokine production by dendritic cells during T cell
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priming in the lymph node is thought to, in turn, promote specific programs of cytokine

production by T cells.

Denditic cell numbers may remain reduced even at 1 yearHh8€6IT (142). The
functionality of these cells pe$tSCT may depend on the stem cell source, as cord
blood-derived dendritic cells may have decreased M@ adhesion molecule
expression. While some studibave indicated that monocyderived dendritic cells
from HSCT patients have reduced costimulatory and MHC expredsi@)y other
studies have shown no reduced functionality. One study of autologous HSCT patients
found thatat six months posransplant, these celldeven more poterantigen
presenting capacitthandendritic cellsgeneratedrom the patientgrior to transplant
(10). Dendritic celtbased immunotherapies are being considered in the HSCT context, in
terms of inducing tolerogenic responses to alloantigens and, conversely, promoting anti

tumor responses, as well agoromotingantipathogaic responsefl4?).

Helper T Cell Dfferentiation

Naive CD4 cells (ThO) can differentiate into cytokpreducing Thl, Th2, and
Th17 helper T cell subsegenerallycharacterized by the hallmark cytokines they
produce though recent studies have shown a degree of plasticity which exists between T
cell subset$144, 145. Cytokinesignalsfrom APCs such as dendritic cells, at the time
of T cell activation are thought to Ibaportantin skewing CD4 cells toward specific

lineages.

Th1 cells are characterized by production of thalfmark cytokine] F Nas |,

well as IL-2. Thl cellsdifferertiate in the presence tf-12p70 (a heterodimer consisting
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of IL-12p35 and IE12p40) and are affirmed through subsequENto pr odThZz t i on .
cells are thought to be induced by4l and theseadls produce IE4, IL-13, and IL-5,

among othersThl cells express the transcription factor Tbet, while Th2 cells express

GATA-3; these two transcription factors are known terhgually antagonisticTh17

cells, identified by IE17a IL-17f, and I-22product i on, can be induce
conjunction with preinflammatory cytokinesuch as IE6 or IL-1 {146). Th17 cells are

al so defined by expression of .FAgwe&l6transcri
diagrams the general paradigm regarding differentiation of naive TNallee CD4 T

cells can also differentiate into regulatory T cells, which are discussed in the next section.

:_';NV IL-4 IL-17a
* IL-13 IL-17F
IL-5 IL-22

Figurel.6. HelperT cell differentiation (Adapted fror(L47)). Undifferentiated CD4 T
cells (ThO) can be skewed by the cytokine environment to apegifictranscription
factor and cytokine profiles.
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Studies have indicatdfatalterations in T cell differentiation occur peost
autologous HSCTIn addition toreduction in Il-2 production by peripheral T cells post
HSCT, it has been reported that upowitro stimulation with PHA and PMA, PBMCs
fromaut ol ogous transplant recipient-4dwithim oduce
6 months posengraftmen{148). Whether these alterations have functional impact on

immune responses to pathogens has not been evaluated.

Requlatory T @lls

Tregsare a specific subset of CD4 cells which functiosuppress immune
responses of effector T cellBregs can develop through the thymus (natraiTregs)
and are broadly defined lmpnstitutiveexpression of the higaffinity IL-2 receptor,
CD25, as well as the transcription factor FOXgILA-4 and GITR(149). Tregs caralso
developin the periphery, asaive CD4 cellgan be induced to gain suppressive function
(inducible oriTregs) TGFb has drvertmansdbocells to Tregand
induce the expansion of these c€ll86). Tregs play an important role in maintaining
peripheral tolerance anthmunehomeostasis, preventing T cell mediated autoimmunity,
as mice and humans deficient in Foxp3 develop rougian autoimmunity149). The
mechanisms by which Tregs mediate their immunosuppressive functions have not been
definitively described, but std@arees i ndi ca

important for Tregmediated suppressi¢a5s0).

In the setting oHSCT, Tregshave been best described in their ability to induce
graft tolerance and suppress GVHKIb1). It has also been suggested that Treg

populations are altered following HFCindeed, several studies indicate that Treg
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populations expand pebtSCT. One study showed a significant increase in the percent
CD4+Foxp3+ cells in the bone marrow of multiple myeloma patients following
allogeneic HSCT compared to newly diagnosed meltipyeloma patients and healthy
donors(152). Accordingly, Foxp3 mRNA expression in peripheral CD4 cells was found
to be increased postansplan{compared to préransplant and donor levels) in a cohort
of elderly patients despite receiving CD@&pleted allograft€l53). Increased
frequencies of CD4+CDJ5Tregs werealsoreported in the peripheral blood of chronic
myeloid leukemia patients that had undergone allogeneic HSCT comparedyto new
diagnosed patients and healthy controls; functionally, these cells were more effective at
suppressing T cell proliferation in an in vitro assay as compared to healthy (5@rs

In a mouse model of experimental BMT, it was shown that the host Treg population in
the spleen could expand following transplant and that theselbostd cells could

persist for months postansplan{155).

The potent ability of Tregs to suppress effector T cell resp@itesss the
possibilitythat upregulation of Tregs peiSCT may impacT celFmediated immunity
and contribute téheinfectious complicationg/hich occur postransplantHowever one
recent study demonstratdthat adoptive transfer of Tregs into mice receiving an
allogeneic BMT could limit GVHD, but did not impair the ability of the BMT mice to

respond to lethaCMV infection(156).

Rationale for Virus Infection Studies in BMT Mice

Due to advances in prophylaxis, detection, and\ardl therapy infectious

complications due to viral infections pd$8CT have been reduced in recent y€a0s
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51). Improved outcomes, however, are dependent on treatment wihrahtrugs, and
the emergence of viral strains that are resistant to drug th&apyL58) highlights the
need to better understand the underlying immune responsescthatn transplant

patients.

Because opportunistic infections have been reported to occur lategmnssilant
in autologous HSCT recipients, 7), and because functional deficits of immune cell
function posttransplant have been reporiadsitro (8-12), we hypothesized that pest
transpant alterations in immune cell functi@ould contribute to increased susceptilyilit
to virus infection posHSCT.Additionally, basedn the recent prospective study
showing that early posiSCT virus infection was associated with development of late
nortrinfectious pulmonary complicatior{3), we hypothesized thancontrolled
pulmonary virus infection pogtiSCT, due to functional deficits in immune celtould

contribute to later development of pneumonitis.

To testthese hypothesewe chose to useraurineBMT modeland pulmonary
i nf ect i 0-68 Swudids lwereopErférmeasinga syngeneic BMT model, which
allowsfor controlled study of how conditioning asdbsequent transfer of cells leads to
alterations in immune responses following cellular reconstitution. This model provides
insight intoimmune changethatoccur as result of conditioning and transplantation
alone, in the absence GVHD andimmunosuppressive drug theragydditional
preliminarystudies were performed to confirm results in a fully allogeneic BMT model.
We chose to useell-studied murine herpesvirus,H 368, as a model pathogen for these
studies, as herpesvirus infections aspecially prominent in HSCrecipients(29, 159,
160).
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Our studies establish a murine BMT mouofelvhichmice have increased
susceptibility to pulmonargammadaerpesvirus infection in the absence of GVHD or
immunosuppressive theragpllowing reconstitution of immune cell numbers
Additionally, in our model, BMT mice develop sevgi@mmaerpesvirusnduced
pneumonitis, with pathological features similar to idiopathic pneumonia syndrome, which
occurs during viral latencYDur model reealsalterations inmmune cell responses and
changes irtytokine production by hematopoietic and structural cells H&ET, which
contribute to the impaired antiral responseOur data provide new insight into the
potential causes of impaired amtral immune responses and development of

pneumonitis irHSCT patients.
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Chapter 2

Materials and Methods

Mice

C57BL/6and CD4KOmice were purchased from The Jackson Laboratory (Bar Harbour,

ME) . Mi ce expressing dominant negative TGF
promoterbackcrossed to the57BL/6 background104) were bred at the University of

Michigan and obtained from Dr. Keith Bishop. Due to the nature of the promoter
construct,thesemec | ack functional TGFb receptor 11
(104). Mice expressing the same construct under the CD11c pro(dd®®r provided by

Dr. Yasmina Laouar, wetlered at the Unigrsity of MichiganlL-10KOand IL-17aKO

mice were obtained from Dr. Weiping Zou at the University of Michi¢#ioe were

housed in specific pathogdree conditions and were monitored daily by veterinary staff.
Experiments were approved by the Universityichigan Committee on the Use and

Care of Animals.

Bone Marrow Tansplantation

We performed syngeneic BMT as described previo(y60, 161). Recipient mice

were treated with 18 13.5Gy of total body irradiation using’d'Cs irradiator,

delivered in two doses separated by 3 hours. Badfor whole bone marrow cells from

a genetically identical donorin 0.2 mLDuleeo 6 s Mo di fi ed Eagl e Medi

Invitrogen, Carlsbad, CA) without serum were delivered to irradiated mice via tail vein
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injection. Mice were given acidified water (pH 3.3) for the first three weeksBi$t
Total numbers of hematopoietic cells werdyfueconstituted in the lungs and spleen at 5
weeks posBMT, with lung lymphocytes being 93% donderived at this time point
(161. In some experiments, B6Ly5.2 mice purchased from the Fredrick Cancer
Research Facility (Fredrick, MD) were used as bone marrow sldooirradiated

B6Ly5.1 (Jackson Laboratory) recipients so that donor vs. host leukocytes could be
distinguished by staining for the CD45Lly5.2) and CD45.2Ly5.1) alleles using
antibodies commercially available from BD PharMingen (San Diego, SlAinfections
were performed at 5 to 6 weeks pB8MT. Allogeneic transplants (C5186 A Balb/cor
Balb/cA C57BL/6) were performed in the same manner as syngeneic transpiabts
weeks posBMT, both total lung cell numbers and lung CD4 T cell numbense
reconstituted in these mice. In some experiments, mice were conditioned withdreduce

intensity radiation (6.5 or 9 Gy

2 H 8 Infection

5 H 38, clone WUMS (5x10* plaqueforming units (pfu); American Type Culture
Collection, Manassas, VA) was dildte i n 2 0 ¢ |-buffered splihedBSpamca t e
delivered intranasally (i.hto mice which had been anesthetized with ketamine and

xylazine.In some experiments, mice were infected with £x8810 or 1x10 pfu.

Plaque Assay

Quantification of lytic vius from right lungs of mice was determined by plaque assay, as
described previousl{139. Briefly, right lungs were dissected from mice 7 days after

infection and homogenized in 1 mL DMEMttv 10% fetal calf serum (FCS)
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supplemented with Complete protease inhibitor (Sigma, St. Louis, MO). Supernatants
from right lung homogenates were diluted and placed in triplicageiboonfluent
monolayers of 3T12 cells (American Type Cell Culture Goitan); plaques were

enumerated 7 days later.

RealTime ReverseTranscriptase Polymerase Chaiedgtion

Reattime reverse transcriptagmlymerase chain reaction (FAICR) was performed on

an ABI Prism 7000 thermocycler (Applied Biosystems, Foster City), &dkg a

previously described protoc(0). Genespedfic primers and probesr@ble2.1) were
designed using Primer Express software (Applied Biosystdfashreactioncontained

12.5 pl Tagman 2x Universal PCR Mix (Applied Biosystems), 0.625 pl 40x MultiScribe
and RNase Inhibar Mix (Applied Biosystems), 0.25 uM Tagman FAM/TAMRA

labeled probe, 0.3 uM forward primer, 0.3 uM reverse prird@0, ng RNA and DEPC
treatedwater to give a final volume of 25 [Relative expression was determined using

the delta delta Ct methqd62, u s-actm@s afrontrol gene.

Table2.1 Primers and probes for real time ffCR

Gene Oligo Sequence

DNA polymerase (ORF9 F. primer| ACAGCAGCTGGCCATAAAGG

R. primer| TCCTGCCCTGGAAAGTGATG

Probe CCTCTGGAATGTTGCCTTGCCTCCA

Capsid gene gB (ORF8)| F. primer| CGCTCATTACGGCCCAAA
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R. primer

ACCACGCCCTGGACAACTC

Probe

TTGCCTATGACAAGCTGACCACCA

b-actin

F. primer

CCGTGAAAAGATGACCCAGATC

R. primer

CACAGCCTGGATGGCTACGT

Probe

TTTGAGACCTTCAACACCCCCAGCCA

M3

F. primer

AGTGGGCTCACGCTGTACTTGT

R. primer

TGTCTCTGCTCACTCCATTTGG

Probe

CATGGGCAAGTGTTCATCTTAGCC

Collagen 1

F. primer

TGACTGGAAGAGCGGAGAGTACT

R. primer

GGTCTGACCTGTCTCCATGTTG

Probe

CTGCAACCTGGACGCCATCAAGG

Collagen 3

F. primer

GGATCTGTCCTTTGCGATGAC

R. primer

GCTGTGGGCATATTGCACAA

Probe

TGCCCCAACCCAGAGATCCCATTT

INOS

F. primer

ACATCAGGTCGGCCATCACT

R. primer

CGTACCGGATGAGCTGTGAAT

Probe

CCCCAGCGGAGTGACGGCA
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Arginasel F. primer| ACCACAGTCTGGCAGTTGGAA
R. primer| GCATCCACCCAAATGACACA
Probe CTGGCCACGCCAGGGTCCAC
Histology

Lungs were harvested for hisbgly aspreviously describe(ll63). Lungs from euthanized

animals were perfused witPBS inflated with 1 mL of 10%eutral buffered formalin,
removed, and fixed for-84 hours in formalin. Lungs weteehydratedn ethanol for at

least 24h, embedded in paraffin and cut i3 sections. Sections were placed on

slides and stained with hematoxylin and eosinfH& or Massonoés

collagen deposition.

Pathology 8oring

H&E and Trichromestained slides were analyzed bgwdmonarypathologist in a

blinded fashion. Lungs were scored for the severity of fibrosis, perivascular

Trichro

inflammation, and peripheral inflammation on a scale of 0 (absent) to 3 (severe). The

presence of foamy alveolar macrophages and hyaline membranes was gfaded as

(absent) or 1 (present). The scores for each parameter were totaled to give a pathology

score, with 11 being the most severe phenotgperesheet is shown kgure2.1.
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None/ Absent Mild Moderate Severe
Fibrosis 0 1 2 3
Perivascular inflammation 0 1 2 3
Peripheral inflammation 0 5 2 3
Absent Present
Foamy AMs 0 1
Hyaline Membranes 0 1
Total /11

Figure2.1. Pathology scoring system.

OxygenSaturation Masurements

Oxygen saturation was measured using a MouseOx Pulse Oximeter according to the
manufacturerdéds instructions (Micewarer Li fe Sc
anesthetized and neck hair was removed using a depilatory cream. 24 hours later, collar

clip sensrs were placed cawakemice, and oxygen saturation was measured as an

average over 15 seconds per mouse.

Bronchoalveolat. avage (BAL)

BAL was performed as previously described, with modificat(@®. Cells were isolated
from the alveolar space by lavaging with 20 mL of PBS containing 5SmM EDTA in
successive 1 mL aliquots. BAL fluid A.F) was harvested by instilling 1 mL of PBS
containing 5mM EDTA into lung and removing fluid by suction; BALF was centrifuged

to remove cells.
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Measurement of Reacti@xygen Species

Samples were assayfd hydrogen peroxide using the Amplex Red Hydnoderoxide/
Peroxidase Assay Kit (Invitrogen Molecular Probes, Inc., Eugene, OR) and for nitrite
using the Griess Reagent System (Promega Corporation, Madison, WI) following the

manufacturerds instructions.

Flow Cytometry

For some experiments, whole lungr right lungs were prepared for flow cytometry by
collagenase digestion, as described previoigy). 1x1Ci 2.5 x16 cells were stained

for flow cytometry using fluorochromeonjugated antibodies against the cell surface
markersCD45, CD4, CD8, CDINK 1 . 1, T CRA" an€CCDREBO I

Pharmingen, San Jose, CA) following incubation with-@Ri6/CD32 (FcBlock, BD
Pharmingen).Forkhead box protein 3 (Foxp3) staining was performed using PE Anti

Mouse/ Rat Foxp3 Staining Set (eBioscience, San D, following the
manufacturerds instructions. For intracell
with phorbol 12myristate 13a c et at e ( P MA, Si gma, 0.05 €g/ m
0.75 e€g/ mL) for 6 hour s inftrandpdrténhiptoaréBBence of
Pharmingen). AntilL-17a antibody was obtained from BD Pharmingen, andlaftiN 2

from eBioscience. For collagenaggested lung cells, gates were first set on GD45

expressing cells followed by gating on the lymphoeiized subet when appropriate.

Data was analyzed using FlowJo Flow Cytometry Analysis Software, version 7.5.
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Mixed Leukocyte Ractions

Mixed leukocyte reactions (MLRs) were performed as describitd modifications

(92). 2x1@ stimulator (irradiated, 1.6 Gy) and 1, 2, or 4xi€sponder cells were €0

cultured in a 96éwell plate for 4 days in RPM1640 (Hyclone Laboratories, Inc., Logan,
UT) suppl ement ed wiHtthymidire %asRdid&.for thelastd & i of
hours of clture. Proliferation was determined by subtracting counts per minute (cpm) of
responders alone from cpm in wells containing both responders and stimulators. For
some experiments, bone marrow derived dendritic cells (BMDCs) were used as
stimulators. BMDCsvere prepared as describ@®5), with modifications. Total bone
marrow was seeded at 2X18x1( cells in 100 mm Petri dishes containing 10 mL
RPMI-1640 and 20 ng/mGM-CSF (Peprotech, Rocky Hill, NJ). Cells were fed an
additional 10 mL of media and GKISF at day 3, and neadherent BMDCs were

harvested from the plates at day 7. In other experiments, whole spleen cells were used as
stimulators. Responder cells werther total spleen cells or CD4 cells magnetically

purified from the spleen using MACS CD4 (L3T4) MicroBeads (Miltenyi Biotech,

Auburn, CA). BMDCs were stained for expression-8f’] CD80 and CD86 using

antibodies from Pharmingen.

Alveolar Epithelial @Il (AEC) Isolation

Type Il AECs were isolated using dispase and DNase digestion of lungs as previously
described166, 167). Bone marrowderived cells were removed via a@iD32 and anti
CD45 magnetic depletion. Mesenchymal cekse removed by overnight adherence in a

petri dish. Non-adherentellswere plated at 1xf@ells per well in 24vell plateswhich
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had been previously coatedth fibronectin for 72 h. The media was changed to serum

free media and supernatants were collected
by ELISA. Immunohistochemical staining of AEC peeations revealg cells were

>94%positivefor e-cadherin with less than 3% contamination by vimepbsitive

mesenchymal cells.

Viral Genome @antification

DNA was pr ep e8iefected lungsmsing tHfagen DNasy Blood and

Tissue Kit (Valencia, CA), anckal timePCR was performed to detedtal gB DNA as

previously describe(b7, 168). Values were compared to a standard curve consisting of

gB plasmid DNA diluted at known copy numbers. Reported values were normalized to

100 ng of input DNA for ach reaction. For gB DNA analysis, the forward primer was
50GGCCCAAATTCAATTTGCCT, the reverse primer
506CCCTGGACAACTCCTCAAGC a(f{AM)-t he probe was 5

ACAAGCTGACCACCAGCGTCAACAAG(TAMRA).

Viral Immunohistochemistry

Frozen lung sections were preparedfin i nf ect ed mice and O0HVG6S8
rabbit polyclonal antio HV 6 8 (189eprowaded by Dr. Skip Virgin (Washington
University Schoobf Medicine, St. Louis, MO)Staining was detected with a goat anti

rabbit secondary conjugated to alkaline phosphatase.
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ELISA

Whole lungs werddomogenized in 1 mL PBS supplemented with Complete protease

inhibitor (Sigma) homogenates were spun down and resulting supermateel culture
supernatanta/ere assayed for cytokines using the DuoSet ELISA Development System

kits (R&D Systems, Minngao | i s, MN) foll owing thRoe manuf a
TGFb1l ELI SAs, steated and then weatrakzedanmidet to activate

T G Frior to assayProstaglandin E(PGE,) was measured using an EIA kit from

Cayman Chemicals (Ann Arbor, Mlaoor di ng t o manufacturer 6s

Requlatory T cell (Treq) Bpletion

Treg depletion was performed by giving mice a single intraperitoneal (i.p.) injection of
100 e0D2%ancttes (PC61) at 4 weeks pBSMI T . Control mi ce wer e

isotypecontrol antibody.

Reagents Used

Complete media is DMEM (Lonza, Walkersville, MD) with 10% fetal bovine serum
(Fisher, Pittsburgh, PAL% penicillinstreptomycinGibco/Invitrogen, Carlsbad, CA),
1% L-glutamine (Fisher) and 0.1% amphotericin B (Lonzaju®dree media is DMEM
with 1% bovine serum albumin (Sigma, St. Louis, MO), 1% peniesiiieptomycin,

1%L-glutamine, 0.1% amphotericin B.
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Statistical Aralyses

Statistical significance bet westaising2 groups
Graphpad Rsm 5 software (h Jolla, CA) Data represent mean + SEpIK 0.05 was

considered significant.
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Chapter 3

Results

BMT micehave increased viral loads atd7 posh f ect i 0o-68 wi t h 29 HV

In order to understand whether BNificewere more susceptible to
gammaerpesvirus infection followingansplantand immune reconstitution, we first
infectedsyngenei®MT mice at 5 weeks postansplant with 5x1bp f u -88HnhvFor
comparison, we also infectedive,nontransplanted control mic&e then harvested
wholelungsfrom both groupst d7 posinfection a time point near theepk of lytic
virus replication. Left lungs were harvested for RNA, and expression of lytic viral genes
was determined using real time ®CR. Expression of bothe envelope glycoprotein
genegB (Figure3.1A) and viralDNA polymeras¢Figure3.1B) was significantly
increased in lungs from BMT mice compared to-tr@msplanted control mice. To
confirm increased susceptibility to viral infection, right lungs were harvested for plaque
assayto quantify lytic viral load Again, BMT mice displayed significantly higher levels
of lytic virus compared to netransplanted control mic&igure3.1C).
Immunohistochemistry on frozen lung sections using polyclonabahtié8 serum
against lytic viral proteinfurther confirmedncreased virugh the BMT mice Figure

3.1D).
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Figure3.1. BMT mice have highaiiral burden in the lungs at@postinfection 5 weeks
following BMT. Control and syngeneic BMT mice were infected i.n. with Sxf0
oHV-68 5 weeks following BMT.A. andB. At d7 postinfection, left lungs were
processed for RNA and expression of lytic viral genes was measured using real 4i
PCR. Expression of the viral capsid ggieand viraIDNA polymerasevas significantly
increased =0.0085andp=0.0089 respectivelyin the lungs of BMT mice when
compared to notransplanted controls (data combined from 2 experimedt#)t d7
postinfection, right lungs from BMT and control mice were harvested for plaque a:
(p=0.0014 n=10 control, 9 BMT, data combined from 2 experimeris)Frozen
sections of lungs fromantrol and BMT micevere prepared at day 7 pasfection and
were stained with rabbit pol y-iemnmer rabbit
sera as control. Theogt antirabbit secondary was linked to alkaline phosphatase.
Original magnification is x100.
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These studies were performed using a myeloablative conditioning regimen (1350
rads) whichour laboratorypreviously described to result in maximum reconstitution of
the lung by donederived leukocyte§l70). To determine whether the ireased
suscept i b68pastBMT warelaieH ¢ myeloablative conditioningg wext
transplanted mice using three conditioning regis@50, 900, and 1350 radat 5
weeks postransplant, mice were infected with 5X10f u -88HAVd7 posinfedtion,
lungs were harvested for RNA, and expression of the lytic viral ggBes)d DNA
polymerasewasdetermined using real time RHCR.Expression of both the capsid gene
and DNA polymerase increased witlgherirradiation dose, reaching statistical

significance in the miceonditionedwith 1350 radsKigure3.2).
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Control 650rads 900 rads 1350 rads Control 650 rads 900 rads 1350 rads

Figure3.2l ncr eas ed s u s-@8agpendston rhyeloallatite conditibhing
Control and BMT miceat 5 weeks poBMT (conditioned with 650, 900, or 1350 rac
were infected i.n. with 5xTQpfu oHV-68. At d7 postinfection, lungs were processed
for RNA and expression of lytic viral genes was measured using real tifRCIRT
Expression of the viral cajagsgenegB and viraIDNA polymerase&vas significantly
increased{=0.0085andp=0.0017 respectivelyin the lungs of BMT mice conditiont
with 1350 rads when compared to rioansplanted controlsi€at least 9 mice per
group; data combined from 2 experims).
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We next determined whetherh e i ncreased suscep-68 bi |l it
infection was also dependent on the dose of vifosestthis, BMT and control mice
were chall enged w68tANd7 postinfeckon, tliogs wese harviested H V
for RNA and relative expression of the viral capsid gene and viral DNA polymerase were
determined using real time RHCR.Relative expression of both genes increased in the

BMT lungs compared to nemansplant contis with increasing virus dos&igure3.3).
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Figure3.3.BMT mi ce show i ncr e ab8when challengeae f
with higher viral doseControl and BMT mice were infected i.n. with 1%18x1d
orix10p f u 0-68. At dhy7 posinfection, left lungs were harvested,
processed for RNA, and expression of viral genes was analyzed by real time
PCR. Expression in control lungs was normalized to 1 for each viral dose.
Expression of viraDNA polymeraswas significantly increased in the lungs of
BMT mice challenged with 5xf@nd 1x16p f u -88HB\VExpression of the vira
capsid gengB was significantly increased in the lungs of BMT mice challenge
with all three doses of viry®= at least 5 micegr group; data combined from 2
experiments).
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BMT and control mice have equivalent latent viral lobgdsi21 posinfection

Based on the conditioning addsetitration experiments, subsequeiiidies
were carried out using myeloablative conditioning and $p10 u -88HFMlowingi.n.
infectionin immunocompetentmicéy t i ¢ r e p | i-68 m thé longs langkly o0 HV
subsidedy d14; by d21 posinfection, latency is established with very little viral
replicationoccurring(140). To determine the course of virus infection in BMT mice
beyond thepeaklytic phase, lungs were harvestedrr BMT and control mice at daye
and 21 posinfection with 5x10p f u -88H.dhgs were then analyzed for expression
of viral transcripts and levels of viral genome were quantiflesing real time RIPCR
on lung RNA we found that expression of thigal geneKk3 andM3 (which can be
expressed during both lytic infection ancelaty)were significantly increased in BMT
lungs compared to control at4i{Figure3.4A, B). To confirm this increase, we
harvested DNA from lungs dftl4 postinfection and quantified copy numbers of the viral
genome using real time PCR and a plasmid standard containing known copy numbers of
gB DNA (Figure3.4C). There was a trend towards increased viralogees in BMT

mouse lungs atld!.

At d21 postinfection, relativenRNA expression of the Iytic/ latent viral geMsS
was expressed at significantly highevels compared to the lytic viral gegB,
suggesting h a t -68awvdAsgredominantlylatent at this time point in boMT and
control mice Additionally, we found no significant difference between levels of either
gene in lungs of BMT or control mic€igure3.5A). To confirm that there was no
difference in latent viral load, we harvested DNA from lungs at d2Zipfesttion and

guantified copy numbers of the viral genome using real time PCR. Wd faun
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significant difference in quantities of viral genomes between BMT and control mice
(Figure3.5B). Thus, by three weeks pestn f e c t 6®imfectioroidHatent and latent

viral loads are not different between BMT and control mice.
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Figure3.4 BMT mice havéncreased viral load at dlgosti nf ect i on
68. Control and BMT mice were infectedth 5x1¢°p f u -88HHn/ A. andB.

At d14 postinfection, lungs were harvested for RNA and expression of the
geneK3 andM3 was measured using real timeRTR. Expression of both

genes was significantly increased in BMT lun@sAt d14 postinfection, lungs
were harvested for DNA and copy number of vgBlgene was quantified usit
real time PCR using a standard with known quantitiegBddNA (n=5 mice pe

group).
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Figure3.5 BMT andcontrol mice havaimilar latent viral load at 81 postinfection

wi t h-68Cdntrol and BMT mice (5 weeks pesansplant) were infected with 5X1
pf u -88khWanasallyA. At d21 postinfection, lungs were harvested for RNA anc
expression of the lid viral capsid gengB and the predominantly latent viral gevé&
were measured using real time-RTR. There was no significant difference in
expression of either of these genes between BMT and control mice. Expreddi®n
was significantly increasedser gBin both control and BMT lung$€0.0002and
p=0.0081, respectively)ri=11 mice per group; data combined from 2 experimeBts)
At d21 postinfection, lungs were harvested for DNA and copy number of gBajene
was quantified using real time PCRing a standard with known quantitiesg@ DNA.
There was no significant difference in latent viral genome load between BMT and
control groupsr{=3 mice per group; representative of 2 independent experiments)
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BMT mice develop severe virisduced pneumonitiand fibrosisduring virus latency

Because of the differences in viral load noted in BMT mice at days 7 and 14 post
infection, we hypothesized that there might be differences in the inflammatory response
to the lung between control and BMT mice. To test this hypothesis, lungs were harvested
for histology and H&E staining at days 7, 14, and 21-pudsttion with 5x1dp f u -2 HV
68. We found similar infiltration of inflammatory cells between BMT and controlenaic
d7 postinfection Figure3.6A). However, at d14 and d21 peasfection, BMT mice
develop a severe pneumonitis response not seen cotit| $tting Figure3.6B, C).
Magnified lung sections at d21 pestection showfilling of the alveolar space with
inflammatory cells, as well as evidenmiediffuse alveolar damage and destruction of the
alveolar architectureHigure3.7). Additionally, damaged airway epithelial cells are

evident Figure3.7).
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Figure3.6 BMT mice develop severe pneumonitis during virus later
BMT and contromice were infected i.n. with 5xi@ f u -88HAY
days 7, 14, and 21 pestfection, lungs were harvested for histology
sections were stained with H&E. Sections shown are representati
n=2 d7, 3 d14, and at least 10 d21 per group. Magnificatid0s.
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Control BMT

Figure37Pneumoni ti s i s | r68infectosia BMTimae
Non-transplant control micganels A, C) or mice at 5 weeks p&¥IT
(panels B, D) were infected wisix1(f pfuo H 38 and lungs were analyze:
for higology 21 days poshfection. 400x magnification of H&E stained lur
sections reveals alveolar fillingyidence of diffuse alveolar damage and
destruction of alveolar architecture in BMT mi{&), as well as damaged
airway epithelium (D).
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Because of the severe inflammatory phenotype and lung damage observed in
BMT mice at d21 posinfectionnand due t o dat6@asafagotforcati ng 9
fibrosisdevelopmenin murine model$136, 139, 140), we hypothesized th&MT lungs
may be fibrotic during virus latency. Lung sections from control and BMT atidays
7, 14, and 21 poshfection with 5x16 pf u -68Ware stained with Trichrome to
determine collagen depositiofrichromestained lung sectionadicatedmild to

moderate fibrosis in the BMT setting, but not control at d21-jpdsttion (Figure3.8).
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Figure3.8 BMT mice develop lung fibrosis during virus laten8MT and
control mice were infected i.n. with 5X10 f u -88HAVdays 7, 14, and 21
postinfection, lungs were harvested for histology and sections were stain
with Trichrome for collagen deposition (in blue). Sections shown are
representative ai=2 d7, 3 d14, and at least 10 d21 per group. Magnificati
100x.
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Increased collagen in BMT lungs was confirmed at d21-ipdsttion by real
time RT-PCR.Collagen landcollagen 3transcripts were increased approximately 2 fold

in BMT lungs compared to contrilngs(Figure3.9).
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Figure3.9. BMT lungshave increased collagen expressauring latent
9 H-68 infectionBMT and control mice were infected with 5X1fu

9 H388 and lungs were harvested at d21 fafgtction. Lungs were
harvested for RNA, and expressioncoflagen landcollagen 3was
analyzed using real time RACR. Expression was normalized to a
control mouse for each ger@ollagen landcollagen 3were
significantly increased in BMT lungp£0.0348andp=0.0129
respectivelyn=3 mice per group; representative of 2 independent
experiments).

H&E and Trichromestained slides were analyzed in a blinded fashion by a
pulmonary pathologist, and lung®im BMT mice were shown to haweild to moderate
fibrosis,foamy alveolar macrophaggseripheral inflammation, and diffuse alveolar

damageBoth control and BMT mice showed perivascutdlammation Eigure3.10A).
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In order to quantify the histologic changas)ds were scored on a scale of 0 (normal
lung) to 11 (most severe pathology) based on the presence and severity of these
pathological featuress described in Materials and Meth@Bgyure2.1). BMT mice had
a significantincrease in histology scoes days 14 and 21 pestfectioncomparedd

control mice(Figure3.10B).

A.
Pathological Features Control BMT
Mild to moderate fibrosis 0/5 4/4
Foamy alveolar macrophages 1/5 4/4
Perivascular inflammation 5/5 4/4
Moderate/ extensive peripheral 0/5 4/4
inflammation
Hyaline membranes/ Diffuse 0/5 4/4
alveolar damage
B 15-
p=0.0019 p< 0.0001
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Figure3.10. BMT micedisplay distinct pathological features d21 post

i nf ect i o068 AW&E dénd Driehkomestained lung sections from BN
and control mice at d21 pestn f e c t i 0-68 were anhlyzed FoWpreser
of pathological features in a blinded fashion by a lung patholog#& ¢ontrol,
4 BMT,; representative of at least 3 independepeements)B. Lung sections
were scored on the basis of presence and severity of pathological feature
composite score was generated for each mouse. A mean histology score
generated for each group=2 d7 Control and BMT, 3 d14 Control and BM1
and 5 d21 Control and 7 d21 BMT).
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To determine whether the pathology observed in BMT mice waswidused or
due to the conditioning regimen alone, lung sections from uninfected BMT mice at 8
weeks postransplant were analyzed. H&E staining shalaat uninfected BMT lungs
did not displg the pathological features found in latently infected BMT |uagsl
Trichrome staining revealed no abnormal collagen depogHigure3.11), suggsting
that e pathology was virusmducedand not the result of irradiatienduced lung

damage.

Trichrome

W

Uninfected BMT

Figure3.11 Uninfected BMT lungs do not gigly pathological features observed in
latently-infected BMT lungd.ungs from uninfected BMT mice were harvested at £
weeks posBMT, and sections were stained with H&E and Trichrome (100x
magnification). Representative £ 3 mice.

To determine whether virieaducedpneumonitis observed in BMT lungsiring
virus latency was persistent or a transient response to virus latency, BMTrarad co
mice were infected with 5xf@ f u -88HAY7 weeks posnfection, lungs were
harvested for histology. Lung sections stained with H&E and Trichrome reveal a
persistence of the pneumonitis phenotgipd increased histology scosyven 7 weeks

post nfection Figure3.12).
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Figure3.12 Pneumonitisand fibrosis in BMT mice persisten 7 weeks
postinfection.Lungs from BMT and control mice, infected with 5%10
pf u -88Hwére harvested for histology at d49 pogtction.A. H&E
and Trichromestained lung sections from BMT and control mice 49 c
postinfection (100x magnificatin). B. Lung sections from BMT and
control mice at d49 poshfection were analyzed in a blinded fashion
pathologist and scored on the basis of the presence and severity of
pathological featuresx€4 BMT, 5 control).
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