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METHODS AND COMPOSITIONS FOR PERTURBING GENE EXPRESSION IN
HEMATOPOIETIC STEM CELL LINEAGES IN FIVO

Cross-Reference to Related Applications

This apphication claims the benefit of ULS. Provisional Apphication No. 62/003, 185,
filed on 27 May 2014; the entire contents of satd application are imcorporaied herein i thelr

entirety by this reference,

Statement of Richis

This mvention was made with government sapport under Grand Numbers ROH
AGT493, AN057266, and AIOB2630 awarded by the National Instinutes of Health, The
LS. government has certam rights in the tnvention. This statement is included solely to
camply with 37 CF R, § 401, 14(a){¥4) and should not be taken as an assertion or

admission that the application discloses and/or claims only one tivvention.

Background of the Invention

Following activation by antigen, co-stimalation and inflammation, naive CDR™ T
cells initiate a differentiation program resulting in massive changes In gene expression and
cell function, which leads to the formation of effector and memory T cells (Doering er &l
{2012) Dmsnguity 37:1130-1144). This differentiation program is eniticad for the
developraeat of effcctive tumr tmouaity {Galon ef ol (2006} Science 313:1966-1964) and
the control of pathogens (Wong and Pamer (2003) . Rev. Dmunol. 21:29-70),
However, the developing effector CD8” T cells popudation is sitikingly beterogencous
{Arsenio ef af (204) N, Immenod, 15:365-372), and several phenotypically distinet
subpopulations of T cells exast within the effector pool that have different hincage potential
and funenon (Joshi ¢ ol (2007 Impuemity 27:281-295: Sarkar er af. (2008} J Exp. Med.
205:623-640). Thus, CDR" effector T cells face complex lincage choices during
difterentiation,

Although the development of effector (DS T cells ccours over a period of days
{Racch ef of. (2002) Coll 11 1:E837-851), cardy ovents in the hife-lustory of T cells ave eritical
i determining the fate of T cells (Kaech and Abmed Q001 Nag Tmmunol. 2:415-422;
Meorcado e af. {2000) /. Immumol, 16568336839, van Stipdonk e af. (20017 Nas

Toppanol. 2:4233-429; van Stipdonk ¢f ol (2003 Nae Jmsanol, 43612365, Wong and
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Pamer (2001).0. fmmunol 166:53864-5868}) For instance, asymmetric segregation of cell
contents during the first cell division after encounter with antigen can profoundly mfluence
the altimate differentiation state of effector colls (Chang ef @, (2007} Science 313, 1687-
1691), suggesting that investigating the events that occur in the howrs following antigen
encounter will be essential to define the mechanisms that regulate the fate of effector CDY™
T cells.

Effector differentiation 1s regulated by g set of ianscription factors (TFs) inchhing
T-het (Intlekofer ef gl {200%) Nar. Tsununel. 6:1236-1244), BEomes (Pearce of of. (20033
Science 3M32:1041-1043), Bhimp ! (Rutishauser er af, (2009} Ity 31:296-308; Shin e
af, (2009 Sty 31:309-320%, 142 (Cannarile e ol {2006) Nav. Imanaol, T:1317-1325),
and Runx3 (Cruz-Guilloty ef o/, (2009).7. Exp. Med. 206:51-39), It has recently been
shown that the AP-1 family TF, BATF, is absoluately requived for effector CDNT T cell
differentiation and coordinates the program of gene expression essential for this process
{Kuracht efal (2004) Nov. Toununol, 15:373-383). Thus, many TFs that are expressed
immediately after stimulation may play a role n specitying the fate of developmg effector
cells from the carlicst point in differentiation.

The role of specific TFs i regulating CIRT T cell effector differentiation has been
investigated using germiline or conditional KOs, However, these approaches are Hmited to
studying a smatl nunber of candidate genes (Kaech and Cut (2012) Nat. Rev. Bomunol.
12:749-761). In contrast, pertwbing genes with RNATL could in principle pernut many more
candidate regulators to be studicd o parallel (Aot ef ol (2009} Science 320:257-263),
However, techiigues to defiver shRNAs to T cells are Himited by the need to stimudate cells
to divide using TCR cross-linking (Yang ef o Q012) L Exp. Med. 209:1635-1670),
nfection (Joshe ef af. {2007} Inmnenity 27 281-293; Araki er o, (2009} Nature 4600 10R-
113), or evtokine stimmiation (Fhou ef of (2014) Nonwre 506:52-57) in order to achieve
meamnghid frequencies of ransduction with viral vectors encoding shRNA construets,
This strategy of activating T cells in order to deliver shRNAs raises a concern that this
activation could profoundly alter the cell at a critical phase of time when even subtle
perturbations of TFs can profoundly influcnce T cell fate (Chang ef @, (2007) Neience
315 1087-1690).

Thas, new approaches, compositions, methods, and systems are required 0 pertarb
gone expressiont in many cell types, including invnune gud hematopotetic coll types, ina

marmer that preserves natwral cellular differentiation.
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Sunynary of the Invention
The present mvention provides compositions, methods, and systems for overcomes
the long-felt difficulties in preserving natural cellular differentation of cell types while
5 allowing for pertwrbation of gene expression in such cell types through transduction of
desired cell types {e. g, hoematopoictic stem cells) with a viral vector that genomically
ntegrates a geno oxpression perturbation construct of nterest to be activated at the desired
state of differentiation.
in one aspect, a method of gonerating transduced restiing eells of the hematopoietic
10 stem cell lincage that are differentiated i wive, comprising: a) obtaining cells of the
hematopoietic stem cell limeage: b) transducing the cells with at least one viral vector,
wherein each viral vector integrates an exogenous nucleic acid into the genome of the cell;
¢) transplanting the transduced cells o an immubocompromisced incubator animad,

wherein the transplanted transduced cells reconstitute the immunacompromised meubator

L

animal inwnune system; and d) selecting populations of resting reconstituted umune cells
of interest from the mcebator amimal, thereby generating transduced resting cells of the
hematopoietic stem cell lincage that are differentiated in vivo, are provided.

Numerous embodiments are contemplated and described herein. For exanple,
one embodiment, the cells of the hematopoietic stem cell hneage are puwine or human. In
A another embodiment, the cells of the hematoporetic stem cell lineage are selected from the
group consisting of henwiopectic stem cells (HSC), conunon mycloid progeaitor cells
{CMP), common lymphotd progenitor cells (CLPY, comnutted lymphoid progenitor cells,

granulocyte/macrophage progenttor cells (GMP), megakaryvocyteferythroid progenitor cells

{MEP), granuloevie progenitor cells, macrophage progenttor cells, ervihroid progenior

25 cells, megakaryocyte progenitor cells (MKP}), NK cell progenitor cells (NKP}, B cell
progenitor cells {(BOP), and T cell progenitor cells (TCPY. In sull another embodiment, the
cells of the bematopoietic stem cell lneage are not termmally differentiated or post-
nutotic. In yet another embodiment, the cells of the hematopoictic stom cell lincage are
not fhymoeytes or are not derived from the thymus,  In another embodiment, the cells of

W the hematopoietic stem cells lincage are obtained from a biological source selected from
the group consisting of bone marrow, wnbilical cord blood, ampiotic fluid, peripheral
blood, and fetal biver. I still another embodiment, the cells are ransduced with a single

viral vector. In vet another embodiment, the viral vector is a tentiviral vector. In another
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embodiment, the viral vector inducibly expresses an RNA encoded by the exogenous
mcleic acwd. In still another embodiment, the inducible expression s regolated using
factose operon operator {LacO) and lactose operon repressor {(Lach) sequences. In yet
another embodiment, the exogenous nuclere acid s selected from the group consisting of
5 mBRNA, antisense RNA, shRNA, siRNA, microRNA, PiwiRNA, and combinations thereof.
In another ersbodiment, the exogenoas muclele acid 1s an shRNA.
in still other embodiments, the exogenous nucleic acid comprises a} an enginecred,
non-naturally ocourring Clustered Regularly Interspaced Short Palindronyie Repeats
{CRISPR) guide RNA that hybridizes with a target nucleie acid soquence of interest andfor
10 b)ameeleotide sequence encoding 3 Type-1 Cas® protein, optionally wherein the cells are
wansgenic for Casy. In yet another embodiment, the viral vector further comprises a
nocleic acid encoding a reporter, such as a fluorescent protein. In another embodiment, the
mcabator ammal is mununocompromised using lethal radiation or chemotherapy, In still

angther embadiment, the mcubator suimal 15 immunodeficient, In vet another embodiment,

g

the immunocompromised incubator antmal and the antmal from which the cells of step a)
were obtamned are congenic. In another embodiment, transplantation of the transduced cells
to the mmmunecompromised incubator animal is autologous, syngeneie, allogeneic, or
xenogeneic.
In stilf other embodiments, the resting reconstituted nunone cells of terest
A selected my step d) are selected from the group consisting of terminally differentiated cells,
posi-mitotic cells, andfov ynactivated cells. o vet another embodiment, the resting
reconstituted mmone cells of interest selected iy step d) have not been exopenously
stimdated to divide. In another embodiment, the resting reconstinged immune cells of
micrest selected in step d) are resting T cells or resting B cells. In stifl another
25 embodinent, the resting reconstitufed immune cells of nverest selected in step d) are
molated. In yet another embodiment, any method described herein farther comprises a step
e} of cultwring the selected cells in vitre and monttoring the selected cefls in response to
cxogenous perfurbation. i another embodiment, any method deseribed herein father
comprises a step o} of transplanting the ransduced resting cells of the hamatopoietic stem
W cell lincage that are differentiated in vive into an experimental amimal and monitoring the
transplanted cells m response to exogenous perawhation. In stilf another embodiment, the
exogenouns pertucbation is the application of an assay for festing autotimnune, allergic,

vacenation, immuwmotolerance, cancer inwnunotherapy, inumone exhaustion, manunological
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memory, mwpanological epitope, stem cell, hematopotetic stem cell, or immune disease
FESPONSes.

In another aspect, transduced resting cells of the hematopotetic stem cell lincage
that are differentiated & vive produced according to any method described herein, are
provided.

n still another aspect, nou-fusman antmals comprising fransdoced reating cells of
the hematopoietic stem cell lincage that are differentiated in vive produced according to any

method described herein, are provided.

Brief Description of Fisures

Figure 1 includes 4 pancls, identificd as panels A, B, €, and ), which show that
wansdaced bone marrow progenitor populations efficiently reconstitete myeloid and
Iymphoid compartments and develop normally into functional CDR™ T colfs. Pancl A
shows a schematic diagram of transduction strategy. Panel B shows the fraction of LSK
cells (left panel) ransduced with GFP-expressing lentivirus at the time of transplant, and in
tvmphoid (mriddie panel) and nweloid (right pancl) cell populations following engraftment.
Panel C shows the fraction of ransduced (GFP™) and uniransduced (GFP), donor-denived
cells in immune hincages indicated following engraftment. Panel D shows the fraction of
rransduced {GFP") and untransduced (GFP), donor~derived cells naive P14 CDE™ T cells
{lefi panel) prior to adoptive tansfer, and of effector (right panel) P14 CDS T cells in
tissucs indicated 10 days following transfer and subscquent host infection with PRS-GP33
mnfhenza,

Figure 2 includes 4 panels, identified as panels &, B, €, and D), which show that
CDR™ T cells derived from transduced LSK cefls are indistinguishable from untransduced
naive CD&™ T cells. Expression of natve swrface markers {Panel A) and effector molecules
{Panel B} by wild-type maive P14 CDS™ T cells {hlack); naive P14 CDE T cells desived
from transduced LSKs (GFP+BMC; naive P14 CDR T cells stimdated by LCMV infection
{LOMY ind P14Y; ovtokiies (IL-2/L-13); or anti-CD3 plus anti-CD2Y antibodics
{aCD3/aCDIRY are shown, Panel C shows transcript abundance of transcriptional regulators
and effector molecoles changes measured by quantitative RT-PCR. Panel D shows the
percentage of various immnome cells differentiated from transplanted LSK cells m recipiont

TREC.
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Figure 3 includes R panels, identified as panels &, B, T, D, E, F, G, and H, which
show that novel sShRNA vectors enable efficient, inducible, and transient gene knockdown
i vigro and i vivo, Panel A shows a schematic diagram of mdueible {(1xbacO) vector,
The fraction of GFP-expressing Jurkat cells ransduced with lentivirus expressing an
shRNA targeting GFP under constitetive (white symbols) or inducible (black) promoters,
cubtured with 100 gM PTG {grey box) for times indicated {Panel B) or concentrations of
IPTG indicated (Panel C) for 7 days are indicated. Panel D shows BATF expression in
anti~-CD3CD28-stinnudated shBATF-natve CDE™ T cells cultured in vitre with (grey or
black bars) or without {white} IPTG starting at the day indicated. Cells were continuously
exposed 1o PTG by i wive exposare in BMC mice 3 days priorio T cell sort or to the
medium | day following activation and for the remainder of the experzment. Pancl E shows
the resolts of cells weated as in Panel D or similarly with selected B cells that were
aranslerred m LOMV-afected recipicnt mice, exposed to IPTG, and maintained by freating
mice with 20 mM IPTG i dondang water starting 3 days prior transfer (in BMCO) or § day
following transfer until 3 days following transfer. Haff mRNA level was normahized to
Hprt and 27 values reported. Significance was asscssed with one-way ANOVA, ¥P <
QOS5 ¥ P2 001, *¥FP < 000031, Panel F shows a schematic diagram of inducible
vector having 3 LacO control clements (3xlacO). Pancls G and H show the kinetics of the
1xLach) and 3xLacO vectors as deseribed in Panels B and €.

Figare 4 includes 6 panels, identified as panels A, B, €, D, E, and F, which show
that BATF knockdows ir vive in primary CDR T cells impairs effector differentiation.
Panel A shows a schematie diagram of the experiment. Panel B shows the relative fraction
of P14 shBATF- {solid gatesitines) or shRFP- (dotted gates/lines) CD8™ T cells at the tme
of ransfer or at day 7 (d7) pa. in IPTG-treated animals {from d-3 on). Representative plots
{left, nuddle panel) from a single anumal and summary data from 3 nuce (night panel) are
shown, Panct € shows the vatio of P14 shBATF- or shLacZ-effector CDE T cells to
shRFP-effector CDE™ T cells at d8 pa. with IPTG induction. The ratio at d8 pi. was
normalized to the ratio at dU and resulis are shown for 3 different shRNAs targeting BATF.
Panel D shows profiforation of sShBATF- or shLacZ-ctfector CDE T cells measured by
BrdU incorporation at 45 pa. Panels E and F show apoptosis of shBATF- or shl.ac’-
effector CDR™ T cells measured by active caspase staiming (FLICA) at d5 pJ. and Ki67
statiing {Pancl F). Significance was assessed with Student’s ttest; V9P < 0,0], ¥ <

4.0001.

.-
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Figure Sincludes 2 panels, identified as panels A and B, which show that BATF ig
required to minate bat not maintain effector differentiation. Panel A shows a schematic
diagram of iming of PTG indection. Panel B shows the ratio of shBATF- or shLacZ-
effector CDR T cells to shRFP-effector CDX™ T cells at d8 p.i. with continuous IPTG

5 induction imtiated for the times indicated. Day 8 p.i. ratios were normalized to the do ratio
amd were Log? transformed. Stgnificance was assessed with one~way ANQVA., ¥P <
.01, ¥¥¥P Q001 PP <0000,
Figure 6 includes 3 panels, identified as panels &, B, and C, which show that BATF
knockdown (Panel A} results o defective activation and differentiation of B cells (Pancl By,
10 as well as defects n plasew eell ditferentiation {Panct 0},
For any figare showing a bar histogram, curve, or other data associated with a
legend, the bars, curve, or other data presented from left to vight for each mdication

corresporid directly and w order to the boxes from top to bottom of the fegend.

L

Detailed Description of the Invention

Modulating gene expression {e.g., increasing gene expression using recombinant

mucleic acids or inhibiting gene expression using shRNA consteacts and other modss of

RNA mterference) may reveal critical regulators of biclogical processes in the e

system and also provide a basis upon which to prioritize molecules for therapeutic

A development. However, there are numerous hinntations of curvent techniques to modulate

gone cXpression in imamene system cells using exopenous vectors. For example,

retrovivuses Iike lentiviruses may transduce some types of nonproliferatiing cells, but have

marked difficulty in transducing many important invnane celf types, such as resting T and

B cells. Although transduction in such refractory imiume eell types may be forced by

35 vanious techudques, such as cellular activation via the T-cell receptor (TCR). exposure to
activating cytokines, electroporation, nanowire delivery, and the like, such techmgues
sigmificantly pertorb the cell state and indace surface receptors and differentiation programs
that limit the interpretation of cell function in gone expression modulation experiments {see,
for example, Verbooven ef gl {3008 Merhods Mol Biol. 306:97-114 and Frocha er ol

W {2008) Blood 112:4843-4852). Morcover, it is increasingly hecoming appreciated that
complex immanoclogical interactions, such as interactions of T cells with tumors are most
accurately modeled #n vvo gnd the requirenient to transduce T celis 7 vigro puts such

assays bevond reach.

~-4
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By contrast, the present invention is based 1n part on the discovery of methods
allowing for the modulation of gene expression in numerous imnue cel] types that have
heretofore been refractory to transduction in a manner that preserves the i vive state of the
tmune cell based wpon the transduction of parent cell types with genetic constructs of

5 imterest followed by ## vivo development, selection, andior isolation of the transduced cells.

The present mvention further provides transduced cells resulting from such methods, as
well as non-human animals comprising such transduced cells. Morcover, the present
nvention provides methods of using such cells and non-human animals for numerous
apphications wcluding, but not limited 1o, assays useful for testing avioinamung, allergic,

160 vaccinabion, immunotolerance, cancer impwnetherapy, mome exhaustion, tmawnclogical
memory, immunological epttope, stem cell, hematopoietic stem cell, or immune disease
FESpOnses o gene expression perturbation.

The presont ipvention overcomes mencroys, sequential technical unsolved

challenges m the ant. For exanmple, cellular transduction conditions were determined to

g

gencrate transduction frequencies sufficiently bigh as to make the process feasible, but low
cnough to aveid multiple integrations per coll which woudd be problematic for fhe use of
the technology for pooled screens. In addition, it was not expeeted that transplantation of
lentivirally transduced cells would result in efficient the engrafiment of modified
hematoporetic cells with sinular frequencies to unmodified HSCs. Simitarly, the function
Ay of nave cells ansing from transduced HSCs (e, T cells), either due to the presence of
pegrated fontivirus or as a rosult of the transplantation process reselting in hameostatic
proliferation, may hivve been compronused. However, the methods described herein
generate paive cells {eg, T cells) from transduced HSCs having phenotypes
mdistinguishable from those of wild-type naive cells (e g, T oells), M was further
25 determined that sach cells were capable of differentiating into fudly functional cells (e.g.,
effector CD8 T cells). It was also confirmed that IPTG dosing and administration
conditions could be used to generate efficient gene knockdown 1 primary cells {eg., T and
B ceils) smee whether IPTG dose and adiotiusiration siratogies to aclueve gene knockdown
m primeary colls of hematopeictic ongin were unknown, Morcover, initial experiments
W revealed that H5Cs wransduced with lentiviral vectors expressing Thyl as a marker of
transduction did not persist following transplantation, indicating that markers other than
Thyl. such as GFP, were required o be used as a marker of pransduction alfowed cificient

engrafiment. Finally, during the 6-8 week period following wansplantation of modified
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HSCs, extensive differentiation, proliferation, and migration results in the generation of
maive cells (e g, T cells) from the parental HSCs. It was not heretofore known what
mmber of fransduced progenitors gives rise 1o the naive pool. For example, if'the natve T
cell pool was gencrated from a small number of progemitors, then the number of different
5 vectors that could be delivered to the natve T celf pool woold be small. However, it has
been deternuned herein that at least 104 different vectors could be tramsomitted from the

progenitor pool to naive CD8 T cells and then to effector CD8 T cells.

A, Hematopoietic Stem Cell Lineages and Cell Sources for Transduction

i The methods and compositions described heremn yse cells of the hematopoietic siem
cell (HSC) bineage for wansduction purposes. Various cell types in the HSC hineage, as
well as methods for selecting, purifving, and isolating such cell types, are well known in the
art {sce, for example, U5, Patent 8,481 315}, Cell types of interest may be obtained from
any aninal having an immwne system,  In one embodiment, cell types of interest are

obtained from a manumad, including humans. As used herein, the terms “manumal™ and

L

“mammalian’ refer to any vertebrate amimal, including monotremes, marsuptals and
placental, that suckle their young and cither give birth to iving voung (cutharian or
placental mammals} or are egg-laving {metatharian or nonplacental mansnals). For
example, cell types of interest having a defined genetic background or unknown genetic

A background may be obtained from a haman for use in the methods of the present invention.
s one crmbodiment, cclls having a defined T Cell receptor are useful fir analysis sinee all
progeny will be specific for a linuted range of specifie peptides. For example, TCRalpha
knockout/transgenic LOMY P14 TOR wansgenic nuce does not develop endogenoas matare
TCR alpha beta cells and whose peripheral T cells ave abmost all CD&+ and express

25 wansgenie TCR specifie for a peptide {P14) from the hympheocytic chortomeningitis virus
{LOMYV) presented by the MHC class T molecole H-2Db (sce, for example, Bettind et ol
{2012) Impnmed, 136:265-272). In another embodiment, cell types of interest may he
obtained from non-human wamomals. Representative, non-limiting examples of non-human

mameals include non-luman primates {e.g., monkeovs and chimpaneses), rodents (e.g., rats,
W mice, and guinea pigs), canines, felines, birds, fish, and rummants {2.¢.. cows, sheep, pigs,

and horses). In still another embodiment, the non-haman mammal s a mouse. The animals

from which cell types of buterest are obtained may be adult, newborn {e.g., less than 48

howrs old), immature, or Ja wtero. Cell types of interest may be primary cells, stem cells,

T
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and zygotes. In vet another ernbodiment, human progenitor cells are used to reconstitute
busman inunone systens in host ammals such as mice. Soch systems are well known in the
art and include, for example, SCID:Hy models m which heman cells are reconstitated n
SCID mice (see, for example, MceCune ¢f ol (1988) Seience 241:1632-1639,

As used herein, “obtained” from a brological material source means any
comventional method of harvesting or partitiomng a source of biclogical matenal from a
donor. For example, biological material may obtamed from g hlood sample, such as a
peripheral or cord blood sample, or harvested from bone marrow or ammniotic flmd,
Methods for obtaining such samples are well known to the artisan. In the present myvention,
the samples may be frosh (Le., obtained from a donor without freczing). Morcover, the
samples may be further manipulated to remove extrancous or unwanted components prior
to expansion. The samples may also be obtained from a preserved stock. For example, in
the case of peripheral or cord blood, the smuples may be withdrawn frow & crvogemcally or
otherwise preserved bank of such blood. Such samples may be obtained from any suitable
donor.

“Hematopoigtie stom colls™ or “HSC™ are clonogenic, self-renewing phuripotent
cells capable of ultimately differentiating inte all colf tvpes of the hematopoictic system,
inciuding B cells T cells, NK cells, lymphoid dendritic cells, myeloid dendritic cells,
granulocytes, macrophages, megakarvocytes, and erythroid cells. HSC selfrenewal refers
to the ability of an HSC cell to divide and produce at least one daughter cell with the same
self~renewal and differentiation potential of a HSC, that is, cell division gives tisc o
additional HSUs. Self-renewal provides a continual source of undifferentiated stem cells for
replenishment of the hematopotetic system. Several sub-types of HSC are known. For
example, “short erm repopelating heswatopoictio stem cells™ or “ST-HSC™ refers to HSC
that have Bmited, short term selfvrenewing capacity, and are characterized by their capacity
to differentate into cells of the myclowd and lymphod Hoeage, ST-HSC are distinguished
from long-term repopudating (LT3 HSC by therr limited fength of selferenewal activity n
cubture assays (e.g., approximately 8 weceks; see, tor example, Christensen and Wetssman
{2001) Proe. Natl dead. Sci. 1284, 98: 14584 1-14546).

“Selfvrencwal” refers to the ability of a cell 1o divide and generate at least one
daughter celf with the identical (e.g., self-renewing) characteristics of the parent cell. The
secomsd daughter cell may commnit to a particular differentiation pathway. For example, a

selfrenewing hematopoietic steny eell divides and forms one dasghter stem cell and another

- 10~
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danghter cell committed to differentiation m the miveloid or lymphoid pathway, A
conpmitted progenttor cell has typically lost the selfrenewal capacity, and upon cell
division produces two daughter cells that display a more difforentiated (e, restricted)
phenatype.

ge cells™ may refer to any cell type, stage of

o

In some embodiments, “"HSC linea
development, marker expression state, and the fike of a cell that may be naturally obtained
from an HSC. In other embodiments, HSC hincage cells are imited to cells of the
hematopotetic stem cell lincage that are not ternunally differentiated, post-mutotic,
thymoevtes, derived from the thymas, andéor otherwise fimetional.

As with other cells of the hematopoietic system, HSCs are typieally defined by the
presence of a charactenstic set of cell markers. “Enriched”™ when used in the context of
HSC refers to a cell population selected based on the presence of a single cell marker,
generafly CD3d+ while “purificd” in the context of HSC refers o a cell population
resulting from a selection on the basis of two or more markers, such as CD34+ and CDY0+,

“Marker phenotyping” refers o identification of markers or antigens on cells for
deternuning their phenotype (e.g., differentiation state anddor cell type). This may be done
by immanophenotyping, which uses antibodics that recognize antigens presont on a cell.
The antibodies may be monocional or polyclonal, but are penerally chosen o have nuntmal
cross reactivity with other cell wavkers. 1t is fo be understood that certain cell
differentiation or cell surface markers are unique o the animad species from which the cells
arc derived, while other cell markers will be common between species, These markers
defining equivalent cell types between species are given the same marker wdentification
even thoagh there are species differences in structwre {eg., anino acid sequence). Cell
markers include cell surfaces molecules, also referred to mn cortan situations as cell
differentiation {(C1) markers, and gene expression markers. The gene expression markers

are those sets of expressed genes ndicative of the cell type or differentiation state. In part,

the gene expression profile will reflect the cell sarface markers, although they may melude

non-cell swrface wolecules.

As usexd heretiy, “enriched” means that the percentage of marker phenotyped cells
relative to other cells in a population is increased.  In one embadiment, “purtficd”™ means
that the pereentage of marker phenotvped cells i3 substantially pure and excludes cells that
arc not marker phenotypoed. A Psubstantially pure ccll population” refers o a population of

cells having a specified cell marker characteristic and differentiation potential that is at least
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about SH%, $5%. 60%, 63%, T0%. 75%, RU%, {17, 2% R3%, 4% K5%, R6%, 87%.
BE%, 89%%, 90%, 919, 929, 93%, 94%, 95%, 6%, 97%, OR%, 99%, 99.5%, 99.9%, or
more, of any valee or range W between, of the cells making up the total ccll population.
Thus, a “substantially pure cell population™ refers o a population of cells that contain fower
than about 30%, preferably fewer than about 20-23%, more preferably fewer than about 10~
3%, and most preferably fewer than abowt 3% of cells that do not display a specified
marker characteristic gad differcntiation potential under designated assay conditions.

In one embodiment, “isolated” refers to a product, compound, or composition
which is separated from at least one other product, compound, or composition with which it
is associated in vt naturally occurring state, whether in nature or as made synthetically, In
other embodmments, “isolated” means that desired marker phenotyped cells are physically
separated from other cell popalanions. Methods for the enrichment, punification, andfor
isolation of marker phenotyped cells are disclosed herein and are also well known in the ant,
such as by using fluorescence-activated cell scanning (FACS), magnetic cell sorting, and
centrifugation {see, for example, US Patent Nos, 5,474,687, 5,677 136, and 6,004,743; and
U8, Pat. Publ. 20010039052},

The marker phenotypes usefid for identifving HS5C are well known in the art. For
bman HSC, for example, the cell marker phenotypes preferably inchude
D347 CD3R CDYO(Thy1) Lin'. For mouse HSCs, an exemplary cell marker phenotype
is Sca- 17 CDO0 {see, eg., Spangrude ef ol {1988) Science 1:661-673) or ¢~
kit 'I‘h.}»i""‘i;ixl" Sca-1" {seg, Uchida et al {1990)..7 Clin. Fvest. 101:961-968). Alfcrnative
HESC markers such as aldehyde debydrogenase and ACI33 may also be used {see, for
example, Storms ¢f af. {1999 Proc. Nadl dead Sci. .54, 96:911R-9123 and Y ¢ ol
(Y997} Blood 90:5002-3012).

As stated above, HS( are clonogenic cells, which possess the properties of both
self-renewal (expansion) and multihineage potential giving rise to all types of mature blood
cells. HSC are responstble for hematopoiesis and wndergo profiferation and differentiation
o produce mature blood colls of various Hocages whale still maintaining their capacity
seli-renewal. The ability to sclf- renew maintains the HSC population for the lifespan of an
animal and also allows H5C 1o repopulate the bone marrow of lethally iradiated hosts.
Early HSC development displavs a hicrarchical arrangement, starting from long-term (L1-}
HSCs, which have extensive self-renewal capability, followed by the expansion state,

which corresponds to short-term {8T~) HS5Cs (having hinuted selforenewal
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ability) and profiferative multipotent progemitors {MPP) (having multipotent potential but
no selfrenewal capability). MPP is also a stage of priming or preparation for
differentiation. An MPP differontistes and, during this process, the more pringtive
population gives rise to a less prinutive population of cells, which is unable 1o give rise 1o a
more primitive popalation of cells. Genetic programs control these processes, including the
nusftipotential, self~rencwal, and activation {or transient amplification) of
HSCs, and hineage comnitment from MPP o hymphoiwd and mycloid progenitor cells,
Thus, HSCs give rise to conmitied tymphoid or myeloid progenitor cells,
“Compnttod myeloid progenttar cells™ refor to cell popdations capable of differenuating
mio any of the terminally differentiated cells of the myeloid hineage. Encompassed within
the myeloid progemtor cells are the “common myeloid progenitor cells (CMP), a cell
popufation characterized by hnuted or non-self-renewal capacity but which 1s capable of
cell division o form granuloe vicimacrophage progeattor cells (GMEP)
andd megakarvocyte/erythwoid progenitor cells (MEP). Such cell populations may then give
rise o myclowd dendritic, myeloid ervthroid, ervtbroid, megakaryocytes,
gramuocyic'macrophage, granalocyte, and macrophage cells. Non-selfrenewing eells
refers to colls that wndergo cell division to produce daughter cells, neither of which have the
differentiation potential of the parent cell type, but instead generates differentiated daughter
cells. Committed progenitor cells of the myeloid haeage include ohigopotent CMP,
GMP, and MEP as defined hercin, buot also encompass anipotent evvthroid progenitor,
megakaryocyte progemtor, granulocyic progemitor, and macrophage progenitor cells.
Different cell populations of myeloid progenitor cells are distinguishable from other cells
by their differentiation potential, and the presence of a characteristie set of cell markers.
The nwarker phenotypes usefist for identttfyving CMPs include those well kaonwn in the art,
For CMP cells of marine orygin, for exanple, the cell population s characterized by the
marker phenotype o (CDTIT) CD16 CDA™ Sca~1"* Lin™ and further
characterized by the marker phenotypes FeyRY IL-TRa™ (CD127). The murine CMP cell
population is alse charaeterized by the absence of expression of markers that imclude B220,
CD4, CDS, CD3, Terl 19, Gr-1 and Mac-1. For CMP cells of human ongin, the cell
population is characterized by CII347 D38 and further characterized by the marker
phenotype, TD1237 (1L-3Re) CD43RA™E. The haman OMP cell population is also
characterized by the absence of coll markers CD3, CD4, CD7, CDE, CDI0, DL, CDI4,

CD1Q, CI320, CD36, and CD234a. Descriptions of marker phenotypes for various myeloid
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progemtor cells are described 1, for example, US. Pat. Nos. 6,465 247 and 6,761 883 and
Akashi {2000y Nonae 404:193-197.

A comotted progeaitor cefl of the myeloid lincage 1s the “granslocyte/macrophage
progenttor cell (GMPY". GMP are cells derived from common myeloid progenitor
cells, and characterized by a capacity to give nise to gramsfocyte {e.g., basophils,
gosinophils, and nestrophils) and macrophage cells, but which do not typically give rise to
ervthroid cells or megakaryocyies of the myelowd lineage. Simular to other commutted
progenitor cells, GMPs lack self-renewal capacity. Murine GMPs may be charactenized by
the marker phenotype ¢-Kit” (CD117) Sea-1™* FoyR™ (CDIE) IL-TRY™CDIP™. Murine
GMPs also lack expression of markers B220, D4, CD8, CD3, Gr-1, Mac-1, and CDW¥0.
Human GMPs may be characterized by the marker phenotype
CD347 CD38 CDI23+CD45RA". Human GMP cell populations are also characterized by
the absence of matkers CD3, CD4, CD7T, €D, CDIO, CD1L, CDI4, DI, CD20O, CDSY,
and CD2335a,

“Megakarvoeytederythroid progemitor cells (MEPRY” are derived from the CMPs and
are characterized by their capability of differentiating into conmnitied megakarvocyie
progenitor and crythroid progenitor cells. MEP give rise o ervthroid cells
and megakaryocyics, but do not typicaliv give rise to granulocytes, macrophages, or
mveloid dendritic cells. Matare megakaryoeytes are polyploid cells that ave precursors for
formation of platelets, a developmental process regalated by thrombopoietin, Ervihroad
cells are formed from the conunitted ervthrowd progemitor cells theough a process regulated
by erythvopoietin, and ultimately differentiate into mature red blood cells. Murine MEPs
may be characterized by celf marker phenotype o Kit™ and 1L-7Ra™® and further
characterized by marker phenotypes FoyR™ and CD34™™, Marine MEP cell populations
may also be characterized by the absence of markers B220, CD4, CDE, CD3, Gr-1, and
high

UD90. Another exemplary marker phenotype for mouse MEPs 15 ¢-kit™" Sca-

P L™ CD1E™ CD34MY. Human MEPs may be characterized by marker phenotypes
CD347 D3R CDI2I™ECDLSRA™E. Haman MEP cell populations may also be
characterized by the absence of markers CD3, CD4, CD7, (DS, CDIG, (Db, CD4,
CDED, CD20, D56, and T35,

Farther restricted progenttor cels i the myvelnd lineage are the granulocyie
progentior, macrophage progenitor, wegakarvooyie progenitor, and cryvihroid progemitor

cell tvpes. “Granulocyte progenitor (GP)” cells are characterized by their capability o
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differentiate into terminally differentiated gramdocyies, ncluding cosinophils, basophuls,
neatrophils. The GP wypically do not differentiate into other cells of the myeloid Hineage.
“Megakaryoeyte progenitor cell (MKPY” cells ave charactenized by thewr capability to
differentiate mto terminally differentiated megakarvoeytes but generally not other cells of
the myeloid lineage (see, e.g., WO 2004024573}

For the bymphoid Hineage, & “comuuited lymphoid progentor cell™ refers (o an
oligopotent or unipotent progenitor cell capable of differentiating mio any of the ternunally
differentiated cells of the ymphoid lneage, such as T cell, B cell, NK cell, or lymphoid
dendritic cells, but which do not typically differentiate o cells of the myvelowd lineage. As
with cells of the myeloid hneage, different cell populations of tymphotd progemitors arc
distinguishable from other cells by ther differentiation potential, and the presence of a
characteristic set of cell mavkers. Encompassed within the lymphoid progenitor cells are
the “common hymphotd progenitor cells {CLPY, which are oligopotent celis charaeterized
by a capacity to give rise to B-cell progenitors {BCP), T-cell progenttors {TCP), NK cells,
and dendritic cells. These progenttor cells have bittle or no self-rencwing capactty, but are
capable of giving rise to T Iymphooyies, B lvmphocvtes, NK cclls, and ymphoid dendritic
cells. The marker phenotypes useful for identifving CLPs are commonly known in the ant.
For CLP colls of mouse, the cell population may be characterized by the presence of
markers as described i, for example, Kondo et. al., (1997} Cell 91:661-672, while for
human CLPs, a marker phenotype of CD347 CD3R™ CDI0™ IL7R+ may be used {Galy ¢/ al.
{19935) fmpanity 3:459-473 and Akashi ef ol (1999 [ne. J. Hemalol, 69:217-226).

Numerous other suitable cell surface markers are presently known to the skifled
artisan and such markers will find advantageous use in the methods and compositions
deseribed herein. For tnstance, several additional potential murine markers have recently
been identified for the various myeloid progenitor cell popuiations based on array analvsis
of mRNA expression. See, e.g., bwasaki-Avai er ol (2003).7 Exp. Med. 197:1311-1322;
Akashy e af. (2000} Noture 404:193-197; Mivamoto et af. (2002} Dev Cefl 3:137-147;
Traver ef of. (2001} Rlood 98:627-635; Akashi e of. {2003} Blood 101383390 and
Terskikh ef o, (2003} Blood 102:102:94- 101, Based on this same type of mRNA
expression analysis, additional cell surface mavkers such as CDUO, CDL I, CD1g,
CDIE7, CD127, and CD135 may also find use for isolating one or more of the identified
mycloid progenitor subpopulations in humans, as described m Manz er of £2002) Froc.

Natl dead. Sci {28499 1187211877,



WO 2015/183885 PCT/US2015/032573

it

L

21

[l
N

Usefut cells of the HSC lineage to be transduced may be capable of differentiating
nto cells of the myeloid ineage, Lo, granvlocytes, macrophages, megakarvooytes,
erythroid cells, andfor mycloid dendritic cells, These include, among others, HSCs,
and conumitted mycloid progemitor cells CMPs, GMPs, and MEPs. These cells will have
the relevant characteristies, particularly differentiation potential and cell marker
characteristics described above. Such cells may be obtained from a variety of sowrces,
including bone marrow, peripheral blood, cord blood, anmiotic fluid, and other sources
known to harbor HSC hineage cells, including liver, partcularly fetal liver. Peripheral and
cord bload 15 a nich source of HSC and related lincage cells.

Cells may be obtamed usimg methods well known in the art. For exanple, methods
for preparing bone marrow cells are deseribed mn Sutherland e of. (1991} Bose Marrow
Processing and Purging: 4 Pragiical Guide {Gee, A. P. ed.}, CRC Press Inc.. Umibibical
cord blood or placenial cord blond is typically obtained by puncture of the wmbilical vein,
in both term or preterm, before or after placenial detachment (see, e.g., Tumer (1992) Fone
Marraw Transplanr, 10:89 and Bertoling ef ol (1995 J Hemarother 4293 HSCs
and mycloid progenitor cells mav also e obtained from periphoral blood by leukapheresis,
a procedare i which blood draws from a seitable subject is processed by continuons flow
cemtrifisgation {e.g, Cobe BCT Spectra blood cell separators) to remove white blood cells
while the other blood coraponents are retwned to the donor. Another type of isolation
procedure is centrifugation through a mediwm of varving density, such as Ficoll-Hypague
{ Amersham Pharmacia Bictech, Piscataway, NJ.).

Cells may be derived from my animal species with a hematopoietie system, as
generally described borein. Preferably, suitable amumals will be mammals, inclading, by
way of example and without limitation, rodents, rabbits, canines, felines, pigs, horses, cows,
primates {e.g.. buman), and the like. The cells may be obtained from a single aubject or a
pharality of subjects. A pluvality refers to at least two (2.2, more than one) donors. When
cells obtained are from a plurality of donors, thetr relationships may be syageneie,
allogeneic, or xenogenelg, as defined herom,

Where applicable, HSC and related hincage cells may be mobilized from the bone
marrow into the peripheral hlood by prior administration of oyvtokines or drugs to the
sabject (see, e, Lapidot er o/, (2002} Fap. Hematol, 300973981} The torm “cyviokine”
refers o compounds or compositions that in the satural state are made by celis and affect

physiological states of the cells that produce the eviokine (e, autocrine factors) or other
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cells, Cyiokine also encompasses any compounds oy compositions made by recombinant or
sythetic processes, where the products of those processes have identical or similar
structure and biological activity as the naturally occuming forms. Lymphokines refor to
natural, synthetic, or recombinant forms of eytokines naturally produced by bymphocytes,
inchuding, but pot hmited to, -1, IL-3, 14, JL-6, IL-11, and the Bke. Cytokines

ard chemokines capable of inducing swbilization nchude, by way of example amnd not
limitation, granulocyte colony stmulating factor {G-CSF)}, gramulocyie macrophage colony

stimulating factor (GM-CSF), ervthropoietin {Kiessinger er gl (1995} Fap.

Hemarol, 23:600-6123, stem cell factor (SCFY, AMD3 100 {AnorMed, Vancouver, Canadal,

terleukin-8 (1L-8), and varians of these factors {e.g, pegfilgastrim and darbopoieting.
Combinations of cytokines andfor chemokines, such as G-CSF and SCF or GM-CSF and G-
CSF, may act synergistically o promote mobitization and may be used to increase the
aumber of HSC and progemtor cells 1n the peripheral blood, particularly for subjects who
do not show efficient mobilization with a single cyvtokine or chemokine (see, for example,
Morns ef al. Q2003 . Haematol 1200413-423),

Cytoablative agents may be used at inducing doses (e, eytoreductive doses) to also
mobitize HSCUs and progenttor cells, and are asefid cither alone or in combination with
cvtokines. This mode of mobihization s apphicable when the subject 15 to undergo
mveloablative treatment, and is carried out priov to the higher dose chemotherapy.
Cytoreductive drugs for mobihization, include, among others, eyclophosphamide,
ifostanude, etoposide, eviosinge arabivoside, and carboplatin (Montillo ef of.

{2004} Lerdkemia 18:57-62; Daseupta ¢f af. (1996) L Infusional Chemarher. 612 and
Wright e al. {2001} Blood 9722782285}

The HSC lincage cells of interest may also be subjected to further selection,
purification, and/or isolation, which may inclade both positive and negative sclection
miethods, to obtain a substanpally pere population of celis. Tn one aspect, fluorescence
activated cell sorting (FACS), also referred to as fow oytometry, is used to sort and analvze
the different cell populations. Cells having the celiular markers specific for HSC ora
destred HSC Lineage cell population are tagued with an antibody, or typically a mixtwe of
antihodics, that bind the cellular markers. Each antibody dirccted to a different marker is
conjugated o a detectable molecude, particudarly a fhuorescent dye that may be
distinguished from other fluorescent dyces coupled to other antibodies. A streany of tagged

or “stained” cells is passed through a hght source that excites the fluorochrome and the
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enussion spectram from the cells detected to determine the presence of a pavticular labeled
anttbody. By concwrent detection of different flaovochromes, also referred to in the art as
malticolor fluorescence cell sonting, colls displaying different sets of cell markers may be
identified and iselated from other cells @ the population. Other FACS paramcters,
mchuding, by way of example and not himitation, side scatter {SSC), forward scatter (FSC}),
arud vital dve staining (e g, with propidium iodide} allow selection of cells based on size
and viability, FACS sorting and analvsis of HSC and related lincage cells s well known i
the art and described in, for example, U.S, Pat. Nos. 5,137 809; 5750397 5 840 38(;
0,463 249, Manz o ¢ (202) Proc. Natl Avad. Soi. UN.A 99 1I872-11877; and Akashi e
al. (2000 Nanre 404:193-197. General guidance on fluorescence activated celf sorting s
described in, for example, Shapiro (2003) Procsical Flow Cytomerry, 4th BEd., Wiley-Liss
{2003) and Ovmerod (2000} Flow Crtomesry: 4 Practicad Approach, 3rd Ed., Oxford
University Press.

Another method of isolating useful cell populations volves a sohid or nsoluble
substrate to which 1s bound antibodies or figands that miteract with specific cell surface
markers. In imenoadsorption tcehmques, cells are contacted with the substrate (e.g.,
cohimn of beads, flasks, magnctic particles, etc.) containing the anttbodics and any
unbound ceils removed. Immaunoadsorption technigues may be scaled up to deal divectly
with the large munbers of cells in a climical barvest. Suitable substrates include, by way of
example and not Himitation, plastic, cellulose, dextran, polvacrviamide, agarose, and others
koown in the art (¢.g., Pharmacia Sepharose 6 MB macrobeads). When a solid substrate
comprising magnetic or paramagnetic beads is used, cells bound to the beads may be
readily isolated by a magnetic separator {see, e.g., Kato and Radbruch
{1993} Cytomerry 14384-92), Affimty clromatographic cell separations typically mvolve
passing a suspension of cells over a support bearing a selective ligand immobilized to its
surface. The ligand interacts with its specifie target molecule on the cel and is captured on
the matrix. The bound cell is released by the addition of an ehstion agent to the running
butter of the columm and the free cell 15 washed through the coluimn and harvested as a
homogeneous population. As apparent to the skitled artisan, adsorption techaigues are not
timited o those emploving specific antibodies, and may use nonspecific adsorption. For
example, adsorption to silica is a simple procedure for removing phagoeytes from cell

preparations,
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FACS and most batch wise inwnunoadsorption technigues may be adapted to both
positive and negative selection procedores (see, eg, ULS. Pat. No. 3.877.299). In positive
sclection, the desired cells are tabeled with antibodies and removed avay from the
remaming unlabeled/unwanted cells. In negative selection, the unwanted cells are labeled
and removed. Another type of negative selection that may be employed 1s ase of
antibody/complement freatiment ov mimuenotoxins o remove unwanted cells,

it is 1o be understood that the purification or isolation of cells also includes
combinations of the methods described above. A typical combiation may comprise an
mitial procedure that is effective n removing the bulk of wowanted cells and cellular
material, for example leakapharesis. A second step sy include iselation of cells
expressing & marker common to one or more of the progemitor cell populations by
immunoadsorption on antibodies bound fo a substrate. For example, magnetic beads
containing anii-CD34 antibodies are able to bind and capture HSC, CMP, and GMP cells
that commonly express the CD34 antigen. An additional step providing hugher resolution
of different cell types, such as FACS sorting with antibodies to a set of specific cellular
markers, may be ased to obtain substantially pure popelations of the desived cells. Another
combination may mvolve an initial separation using mragnetic beads bound with ant-CD34
antibodies followed by an additional round of punification with FACS.

Determining the differentiation potential of cells, and thes the type of stem cells or
progenitor cells isolated, s typically conducted by exposing the cells to conditions that
permit development into variouws forounally difforeatiated codls, These conditions gencrally
comprise a mixture of eytokines and growth factors i a culture medivm permissive for
devetopment of the mvelowd or lymphoid hneage. Colony forming culture assavs rely on
culturing the cells in vire via limiting didefion and assessing the types of cells that arise
from thewr continued development. A copumon assay of this type is based on
methyicellulose mediom supplemented with cytokines (e.g., MethoCult, Stem Cell
Technologies, Vancouver, Canada and Kennedy e al. (1997) Nare 3I86:488-493),
Cytokine and growth tactor fonmulations pormissive for differentiation in the hematopoietic
pathway are described in Mane ef @l (2002Y Proc. Natl, dead. Nei, US4 99 1IRT2-1I8T7;
U.S. Pat. No. 6,465,249 and Akashi ef ol Narre 404:193-197). Cytokines mclude SCF,
FLT-3 hgand, GM-USF, 1L-3, TPO, and EPO. Another & vitre assay is long-term adture

imtiating coli (LTC-1C) assay, whuch typically uses stromal cells to support hematopoiesis
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{see, e.g., Ploemache ef ol {1989) Blood 74:2735-2763 and Sutherfand ¢f af {1993) Proc.

Nenl Acad Soi, 1284, 87:3745).

Another type of assay suitable for determining the differentiation potential of
isolated cells relies upon i vive adnunistration of eclls into a host animal and assessment of
the repoputation of the hematopoietic system. The recipient is inpnunocompronssed or
mamedeticient to limit rejection and permits acceptance of allogeneic or xenngeneic cell
tronsplants, A useful animal systom of this kind is the NOD/SCID (Pflumio e ol
{1996} Blood 88:3731; Szilvassym ef ol (2002) “Hematopoietic Stem Cell Protocol”

w Methods in Molecular Medicine, Humana Press; Greiner e ol (1998} Srem Cellx 16:166-
177, Piacibello er ol {19993 Blood 93:3736-3749) or Rag? deficient mouse {Shinkai ef of.
{1992) Cefl 68:855-867}. Cells onginating from the mnfused cells are assessed by
recovering cells from the bone marrow, spleen, or blood of the host animal and determining
presence of colls displaying speeific cellular markers (e, marker phesotyping), typically
by FACS analysis. Detection of markers specific to the transplanted cells permits
distinguishing between endogenous and transplanted cells. For example, sntibodies
speeific to huoman forms of the coll markers (e, HEA antigens) identify human cells when
they are transplanted into suitable immmodeficient moase.

The mitial populations of cells obtained by the methods above may be used divectly
for ransdaction or frozen for use at a later date. A variety of mediums and protocols for
crvopreservation are known in the art. Generally, the freezing medium will comprise
DMSQ from about 5-10%, 13-90% serant albumin, and 30-90% caliure nedium. Other
additives useful for preserving cells include, by way of example and not himutation,
disaccharides suach as trehalose {Scheinkoniger all (2004) Bone Marrow
Transplant. 34:831-536}, or a plasma vohune expander, such as hetastarch {(L.e.,
hydroxyethyl starch). In some embodiments, isotonic buffer solutions, such as phosphate-
buffered saline, may be used. An exemplary cryopreservative composition has cell-culture
medivm with 4% HSA, 7.5% dimethy! sulfoxade {DMSO), and 2% hetastarch, (ther
compositions and methods for ervopreservation are well known and described in the ant
{see, e.g., Broxmeyer er of. (2003} Proc. Noil Adcad. Sei 178 A 100:645-650). Cells are

preserved at a final temperature of less than about ~135°C.
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B. Viral Vectors and Transduction of Hematopesetic Stem Cell Lineages
Viral vectors are well known in the art for transducing tavget cells and incorporating

ransgoenes,

a) Transgenes
5 By “transgene” 1s meant any nocleotide sequence, particolarly & DNA sequence,

that iy miegrated ndo one or more clromosomes of a host cell by human intervestion, such
as by the methods of the present invention, In one embodiment, a transgene is an "RNA
coding region.”  In another embodiment the transgene comprises a “gene of iterest.” In
other embodiments the transgene may be a nucleotide sequonce, preferably a BNA

10 sequenvce, that 1s wsed to mark the clwvomosome where i has itegrated or may indicate a
position where nucleie acid editing, such as by the CRSPR-CAS system, may occur. In this
situation, the wansgene does not have (o comprise a gene that encodes a protein that may be
expressed.

A “gene of interest” 15 a nuclee acid sequence that encodes a protein or other

b=

L

molecule, such as an RNA or targeting nuclele avid sequence, that is desirable for
mfegration in a host cell. The gone of interestmay bea 1,2, 3,4, 5, 6,7, &, 9, 10, or morg
genes of interest expressed from the same or difforent vectors.
Genes of interest are useful for modulating the expression andfor activity of target
biomolecules either within the transduced cell or expressed for secretion outside of the
2 wansdaced cell. Generally, genes of interest may be naclewc acids themselves or encode a
polypeptide, a naturally-occurring binding partner of a target of interest, ao antibody against
a tvpet of interest, a combination of antibodics against a taveet of interest and antibodics
against other inunune-related targets, an agonist or antagonist of a target of interest, a
peptidomimetic of a target of interest, a peptidomimetic of a target of intorest, a small RNA
25 dwected against or a mimic of a target of mterest, and the ke, Such modulators are well
knowsn in the art and inclade, for example, an antisense nmucleic acid molecude, RNAS
motecale, ShRNA, mature nuRNA, pre-muRNA, pri-miRNA, miRNA¥ anti-miRNA, or &
miRNA binding site, or a variant thereof, or other small RNA meolecule such as a Piwi
RNA, triplex oligonucientide, ribozyime, coding scquence for a farget of mierest. Such
W agents modudate the expression andfor activity of target biomolecules, which meludes any
decrease in expression or activity of the target biomolecide of at least about 3196, 38%,
H%, 45%, 50%, 35%, 60%, 68%, T0%, 75%, RO, B1%, 82%, 83%, 84%, 85%, Bo%,

o

{7, K&, B9%, 0%, D%, 92%, 93% 94%,, 953%, 96%% 97%, 98%, 99% or more as
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compared to the expression or activity of the target hiomolecule which has not been
targeted by a modudating agent.

In one embodiment, the gene of nterest is useful for overcxpressing andéor
enhancing the activity of a nuclete acid or protem of inferest. For example, the gene of
ierest may encode a protein or other molecale the expression of which is desired in the
host cell. Such profem-encoding sucleic actd sequences are not parbotarly fomited and are

ceted based on the desived exogenous perturbation desired. Thus, the gene of interest
ncludes any gene that the skilled practitioner desires to have ingmmd and/or expressed.
For example, exogenous expression of protems related to autoinumane, allergic,
vaceinabion, immunotolerance, cancer imawmnoetherapy, immyne exhaustion, imannoelogical
memory, or imnumological epitope responses may be used. The gene of interest encode a
protein or be a nucleic acid that serves as a marker to identify cells of interest or transduced
cells. The gone of infercst may encode @ protemn that modifics a physical characteristic of
the transduced cell, such as a protein that modifies size, growth, or eventual tissu
composition. In another example, the gene of miterest may encode a protein of conmnercial
vahie that mav be harvested. Generally, the gence of interest Is operatively Hnked to other
sequences that are usciul for obtaining the dosired cxpression of the gene of interest, such
as transeriptional regdatory sequences hike inducible promoters, as described further below.

In one embodiment, the viral vector may be engineered to express the CRISPR-Cas
systemn for precise editing of genomic nucleic acids (g, for creating mudl nustations). In
such ernbodiments, the CRISPR guide RNA andfor the Cas enzyme roay bo expressed. For
example, a vector containing only the puide RNA can be adounistered to an animal or cells
transgenic for the Cas® enzyme. Similar strategies may be used (e.g., designer zine finger,
transcription activator-hike effectors {TALEs) or homing meganucleases). Sach systems arc
well known i the ant (see. for example, LS. Pat. No. 8,007,358, Sander and Joung {2014)
Nat Biojech. 32:347- 355 Hale er ol (2009) Cell 139:945-936; Karginov and Hannon

{2010 Mol Cell 3777, ULS. Pat. Publ. 2014/0087426 and 2012:0178169; Bock er . (2011)

Nai. Biotech, 29:135-136; Boch ef af {2009) Science 326:15309-15312; Moscou and

Bogdanove (2000 Science 326:1501; Weber ef ol (2011) PLoN Ore 6019722 Lier ol

{20113 Mol doidy Res. 39:6315-6325, Zhang ef al (201 1) Nav. Bivtech, 20:149-153;

Miller e ol (2011 Nar, Biotech. 29:143-148; Lin ef af. (2014) Nucl deoidy Rex. 42:247).
In another embodiniens, the gene of interest is usefol for intubiting the expression

b=

andfor activity of a nucleic acid or protein of mterest. For exanple, target biomolecule
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expression and/or activity, such ag an RNA coding region, may be reduced or intubited
using inhibitory RNAs. An “RNA coding region™ is a nucleic acid that may serve as a
template for the synthesis of an RNA molecale, such as an siRNA. "RNA mterference
{RNAD" 15 an evolutionally conserved process whereby the expression or mtroduction of
RNA of a sequence that is identical or hughly similar to a target hiomarker nacteic acid
resulis  the sequence speaific degradation or specific post-transeriptional gene silencing
{PTGS) of messenger RNA (mRNA) teanscribed from that targeted gene (sce, for example,
Cobum and Cullen (20027 Firol 76:9223), thercby inlubiting expression of the target
omarker nueleic acid, In one embodiment, the RNA coding region 15 a DNA sequence.
The ability to down-regudate a target gene has many therapeutic and research apphications,
mcluding identifying the biological functions of particular genes. Moreover, such
inthibition may be achieved in screening assays that take advantage of pooling technigues,
whereby groups of 2, 3,4, 5,6, 7.8, 9, 10, 1}, 12, 13, 14, 158, 16, 17, 18, 19, 20, 25, 30, 35,
40, 45, 56, 53, 60, 658,70, 75, 80, 85, 80,95, 100, or more, or any number or Tangc m
between, of RNA inhubitory agents, cither co-expressed from the same vector or more than
one veclor, are transduced xto cells of intorest, Sustable inhibitory RNAs include, but are
not lmited to siRNAs, shRNAs, nuRNAs, Provis, dicer-substrate 27-mer duplexes, single-
stranded interforing RNA, and the like. In particular, the combination of RNA mhibitory
technology and lentiviruses as a tool for a gene specific knock-down m ammal models is
well known in the art {see, for exanple, US. Pat. Publ. 2005/0251872; EP Pat. Publ
266107, PCT Publs. WO 2004022722 and 2007/109131; Tiscormia ef of. {2003} Froc.
Natl Acad. Sei. U84 100:1844- 1848 Rubinson ef ol (2003} Nar. Gener. 33:401-406; and
Dann e al. (2006) Proc. Natl dead. Sei, .84, 103:11246-11251 1

siRNAs typically refor to a doyble-stranded sterfering RNA anless otherwise
noted. In varous embodiments, suttable siRNA molecules include double-stranded
ribonucieic acid molecules comprising two nucleotide strands, cach strand having about 19
to about 28 nucleotides (Le. about 19, 30, 21, 22,23, 24, 25,26, 27, or 28 nucleotides).
Thus, the phrase “tnterfering RNA having a length of 19 to 49 nucleotides™ when referring
o a doubic-stranded imterforing RNA means that the antisense and sense strands
ndependently have a length of abowt 19 to about 49 nucleotides, meluding itorfering RNA
moleades where the sense and antisense strands are connected by a linker molecule,

In addition to uRNA molocules, other interfering RNA molecules and RNA-like

nmiolecules may be used. Examples of other interfering RNA molecules that may to imhibit
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target biomolecules include, but are not limited to, short hairpin RNAg (shRNAs), single-
stranded sIRNAs, nroroRNAS (buRNAs), piwiRNA| dicer-substrate 27-mer duplexes, and
vartants thereof containing one or more chemically modified nucleotides, one or more non-
nucleotides, one or more deoxyribonucleotides, and/or one or more non-phosphodiester
5 hinkages. Typically, al RNA or RNA-hke molecales that may interact with transenipts
RISC complexes and participate i RISC-related changes in gene expression may be
referred to as “interfering RNAsS™ or “interfering RNA molecules.”
Suitable mterfering RNAs may readily be produced based on the well-known
micleotide sequences of target biomwlecules. In variows embodiments mterforing RNAs
10 that inhibit farget biomolecudes may comprise partially purified RNA, substantially pare
RNA, synthetic RNA, recombinantly produced RNA, as well as altered RNA that differs
from naturaliy-ocowring RNA by the addivion, deletion, substitotion, andfor alteration of
onc or awne pucientides. Such altcrations may elude, for example, additon of non-

nucleotide material, such as to the end{s) of the interfering RNAs or to one or more mtemnal

L

nucleonides of the interfering RNAs, including modifications that make the interferng
RNAs resistant to nuclease digestion.  Such alicrations result in sequences that are generally
af least about 0%, 8%, 82%0, K3%, 849, 85%;, &6%, R7%, 88%:, 89%,, U0%,, 019, 92%,
3%, 4%, 95%, B6%,, 97%, Y8%, 99%, 99.5%, or more, or 100% identical to the sequence
of the target biomolecule. When the gene to be down regudated 1s in a family of tughly
A conserved genes, the sequence of the duplex region may be chosen with the aid of sequence
cormmparison fo arget enly the desired gene. On the other band, if there s sufficient idenfity
among a fanily of homologous genes within an organisn, o duples region may be designed
that would down regulate a pharality of genes simultaneousiy.

It vartous embodiments one or both strands of the interfering RNAs may comprise

N

25 a3 overhang. As used berein, a “3overhang” refers o at least one unpaired nucleotide
extending from the 3-end of an RNA strand. Thus in one embodiment, the interfering
RNAg comprises at least one 37 overhang of from 1 fo about 6 nucleotides {which inclades
rihonucientides or deoxynucleotides) in lengih, from | to about 5 mucleotides in length,
from 1 to about 4 ruclkeotides in length, or about 2 1o about 4 nucleotides i length. Inan

W illostrative embodiment in which both strands of the interfering RNAs molecule comprise a
37 overhang, wherein the length of the overhangs may be the same or different for cach

strand. In cortam embodiments the 37 overbang is present on both strands of the interfering

RNAs and is one, two, or three nucleotides in length. For example, each strand of the
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mterfering RNAg may comprise 37 overhangs of dithymidylic acid ("TTT) or diuridylic acid
o™

In order to enhance the stability of the interfering RNAs, the 37 overhangs may be
also stabilized against degradation. In one embodument, the overhangs are stabilized by
mchuding purine nucleotides, such as adenosine or guanosine noacleotides. In cortain
embodiments, substingion of pyrimidine nuecleotides by modified amalogues, e.g.,
substitution of unidime nucleotides m the 37 overbangs with 2" -deoxythymidine, is tolerated
and does not affect the efficiency of RNA miterference degradation. In particular, it is
behieved the absence of 2 27 hvdroxyl in the 2 -deoxythynudine may significantly enhance
the nuclease resistance of the 37 overhang.

Interfering RNAs may be expressed from a vector deseribed berein either as two
separate, complementary RNA molecoles, or as a single RNA molecale with two
complementary regions, Selection of vectors suitable for expressing intorforing RNAs,
methods for mserting nucleie acid scquences for expressing the interforing RNAs tinto the
vegtor, and methods of delivering the recombinant plasmid to the cells of mterest are well
known in the art (Tuschl {2002) Nav, Bivtechnol. 201 446-448; Brunmmelkamp e ¢f, (2002}
Science 296550 353, Miyagishi ef of. (2002} Nay. Biotechnol. 20:497-500; Paddison ef &f.
2002 Genes Dev. 16948938 Leo er af. (2002) Nai, Biotechnol 20:500-303; and Paul &/
al. 20023 Nat, Biotechnol, 26305-508).

In certain embodiments, the mterfering RNAs may be delivered as a snalt hairpin
RNA or short hairpin RNA (ShRNAY (see, for exarople, U.S. Pats. 8,697 359 and
8.642.569). shRNA is a sequence of RNA that makes a tight bairpin ton that may be used
to silence gene expression via RNA interference. In typical embodiments, shRNA uses a
vector infrodaced inte cells and wtibizes the U6 promoter to enswre that the shRNA 1
always expressed. This vector 15 usually passed on o daughter cells, allowing the gene
stlencing to be inherited. The shRNA hairpin structure is cleaved by the celtular machinery
into siIRNA, which is then bound to the RNA~nduced sitencing complex (RISC). This
complex binds o and cleaves mRNAs that maich the iRNA that is bound to &

n certain embodiments, the sense sequence of the shRNA will be from abowt
19 to ahout 36, more pucleotides {e.g. about 19,20, 21,2223, 24,25 36,27, 28,29, or 30
nucleotides) i length, more typically from about 19 to abowt 22 nucleotides in longth, the
aufisense sequence will be from about 19 to about 30, mere typically from 19 to about 22

nucleotides (e.g. about 19, 20, 21 or 22 nuclectides}, in length, and the loop region will be
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from about 3 to sbout 19 mucleotdes (eg. about 3,4, 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15,
16, 17, 18, and 19 ancleotides) in length. In some embodiments, the sense and antisense
sequences are the same length, 7e the shRNA will form a symmetrical hairpin, but this is
not necessarily the case. In some cases, the sense or antisense strand may be shorter than

3 “«

5 s complementary strand, and an asynametric hairpin is formed. Further, while i some
pistances the base pairing between the sense and antisense sequences is exact, this also need
not be the case. Thus, some nusmatch between the sequences may be tolerated, or even
desired, e.g. to decrease the strength of the hydrogen bonding between the two strands.
However, in one dthstrative embodiment, the sense and antisense sequences are the same

160 length, and the base pairmyg between the fwo is exact and does not contain any susmatches,
The shRNA molecule may also comprise a §'-terminal phosphate group that may be
chenucally modified. In addition, the loop portion of the shRNA molecule may comprise,
for cxampie, nucleotides, nos- nucleotides, Hnker molecules, comjugate molecutdes, cic.

in certain emboduments, the PIWT RNA pathway is used to provide inlibition of

L

target momolecules. Prwi-interacting RNAs (piIRNAs) were identified through association
with Piwi proteins i manumalian testes (Aravin ef af. (2006 Givard e al. (2006); Grivina
ef af. (2006); Lat er al. 2006). piRNAs and methods of making and using same to target
and degrade nucleie acids are well known in the ant (see, for example, US. Pat. Publ. 2011~
0207625}, These RNAs range from 26-30 mucleotides in length and are produced from
A discrete foct. Generally, genomic regions spanning 50-100 kB in fength give nise to
abyndant mRNAs with profowd strand asyounctry, Although the piRNAs themselves arc
not comserved, even between closely related species, the positions of pIRNA loet i related
genomes are conserved, with virtually alf major piRNA-producing loci having syntenic
counterparts i mice, rats and humans {Girard ef ¢/ (2006)), The loci and consequently the
25 piRNAs themselves are relatively depleted of repeat and ransposon sequences, with only
17% of homan piRNAs corresponding to known repetitive elemoents as compared to a
nearly 50% repeat content for the gevome as a whole. In certain embodiments, methods are
provided for mhibiting such targets m a cell, comprising adnunistering an effective amount
of a siRNA/ShRNA/mwiRNA to the cell, such that target mBNA 15 degraded.
Y As deserihed below, internal promoters may be engineered into viral vectors m
order to allow for the independent expression of more than one gene of interest. I a sceond
or additional gene of interest is ncluded, an internal vibosomal entry site {IRES) sequence

may be included (see, for example, US. Pat. No. 4,937,150). The IRES sequence may
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facibitate the expression of the reporter gene and may be used to ereate multigene, or
polycistronic, messages. IRES elements are able to bypass the ribosome scanning modef of
Smethylated cap-dependent transiation and begin translation at internal sites {Pelletier and
Sonenberg, 1988}, IRES clements are well known i the art and be 1solated from, for
5 example, at least tvo members of the pieornavirus fanuly {polio and encephalomyocarditis)
have been descnibed (Pelletier and Sonenberg, 1988}, as well as from a mammalian
message (Macejak and Sarnow, 1991} IRES clements may be linked to heterologous open
reading frames. Multiple open reading frames may be transcribed together, each separated
bv an IRES, creating polycistronic messages. By virtue of the IRES clement, cach open
10 reading frame is acoessible to ribosomes fur officient translation.  Mudtiple genes may be
efficiently expressed using a single promoter/enhancer to transeribe a smgle message.
In certain enbodiments of the nvention, colls ransduced with the lentivectors of
the present ipvention may be wdentified in vire or in vive by ncluding a marker in the

expression vector. Such markers would confer an identifiable change to the transduced

L

cell permitting casy identification of cells containing the expression vector. For example, a
gene of mterest encodimy a marker protem nxay be placed after the primary gene of interest
that is, for example, an RNA mterfering nuclete acid, to allow for identification of cells that
arc expressing the desired protem.

Generally, a selectable marker is one that confers a property that alfows for

A selection. A positive selectable warker is one in which the presence of the marker allows

for its selection, while a negative selectable marker is one in which its presence provents its

sclection. An example of a positive selectable marker is a drug resistanee marker. Usually
the inchusion of a drug selection marker aids m the cloming and identification of
wransformants, for example, genetic constructs that confer resistance 1o neomyein,

25 pwomycis, hygromycin, DHFR, GPT, zeoc and hstidinol are usefid sclectable markers.
In addiion to markers conferning a phenotype that allows for the diseninunation of
wansformants based on the implementation of conditions, other types of markers imeluding
screengble markers such as GFP, whose basis 15 colorimetric analysis, are also
contemplated. Alternatively, screenable enzymes such as herpes simplex virus thymidme

W kinase (k) or chlommphenicol acetvltransterase {CATY may be utihized. One of skill i the

art would also know how to employ inmmunologic markers, possibly i conpumction with

FACS analysis. The marker used is not believed to be important, so long as #1s capable of
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being expressed stmultaneously with the mucleic acid encoding a gene product. Further
examples of selectable and screenable markers are well known fo one of skill i the art.

Many usclol reporter markers are known and inclade, for exanmple, a fluorescence
marker, preferably selected from green fluorescent protein (GFP), enhanced GFP {(eGFP),
DsRed, AsRed, HeRed, Tomatoe, Cherry, Katushka, and variants thereof (see, for example,
LIS, Pat. Nos. 5487 932 and 5,464,763}, Examples of other useful reporters include
various enzymes, prosthetic groups, flucrescont materials, lununescent materials,
biolununescent materials, and radicactive materials, Examples of suitable enzymes include
horseradish peroxidase, atkaline phosphatase, B-galactosidase, or acetyicholinesterase;
examples of sustable prosthetic group complexes nchade streptavidinbiotin and
aviduv'biotin; examples of suitable fluorescent materials inchide ymbeliferone, fluorescain,
fluorescein sothuoeyanate, thodanune, dichloroiniazimylanune Huorescein, dansyl chilonide
or phveoeryihring an example of a fununescent material inchudes luminod; examples of
biochsminescent materials inchude luciforase, luciforin, and acquonn, and exangdes of
suttable radiocactive matenial include ! ESL 13 li, 33 Sor 3}'{

by Viral vectors

In generad, vival vectors are plasmid-based ov virus-based, and are configured to
catry the essential sequences for incorporating foretgn nucleie acid, for selection and for
transfer of the mucloie acid into a host cell, The viral construct is 8 nuclentide sequence that
comprises sequences neeessary for the production of recombipant retrovirus in a packaging
cell. In one embodiment, the viral construct additionally comprises genetic elemoents that
allow for the desired expression of a gene of interest in the host cell. Generation of the
viral construct may be accomplished using any suitable genetic engineering techniques well
known in the art, including, withowt Hmitation, the standard techniques of PCR.
oligonucicotide svathests, restriction cndonuclease digestion, higation, transformation,
plasmid purification, and DNA sequencing, for exaaple as descoribed i Sambrook er of.
{1989} Molecular Cloning: A Laboratory Mamual. Cold Spring Harbor Laboratory Press,
NY.; Coffin e ol {997} Revoviruses. Cold Spring Harbor Laboratory Press, NY . and

“RNA Viruses: A Practical Approach” (Alan J. Cann, Ed., Oxford University Press, 2000).

Exemplary viral vectors inclade, for example, adenovirus vectors, adeno-associated
vives vectors, refrovirus vectors, and lentivirus vectors. In some embodiments, viral veciors

that imtegrate transgenes are used (e.g., virus other than adenoviral vectors). Exemplary
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types of viruses inchsde HSV (herpes simplex virus), AAV (adeno associated virasy, HIV
{human menunodeficiency viras), BEV (hovine imnumodeficiency virus}, and MLV
{murine leukemia viras), Nucleie acids may be transduced in any desived format that
provides sufficiently efficient delivery levels, meluding i virus particles. A viral gene
detivery vehicle may optionally compnise viral sequences such as a vival origin of
replication or packaging signal. These viral sequences may be selected from viruses such
as astrovitas, COTOnavitus, orthonty XOvirus, Papovavirus, PAraniyXovitus, Parvovirus,
PICOTNAVITGS, POXVITUS, Tetrovirus, togavirus of adenovirus. In a preferred embodiment, the
growth factor gene delivery vehicle is a recombinmat rotroviral vector. Recombinant
refroviruses and various uses thereot have been described in numerous references including,
for example, Mann ef ¢l (1983) Cell 33:153; Cane and Mulhigan (1984) Proc. Nl dead.
Sei US4, 81:6349; Miller er al. (19903 Fhon. Gene Therap. 1:5-14; ULS. Patent Nos.
4,405,712, 4,861,719, and 4,980,289, and PCT Publs. WO 89432 468, WO 89/03 349, and
WO 90/02 806, Numerous retrovirgl gene delivery vehicles may be utilized in the present
nvention, inchiding for example those deseribed 1n EP Pat. Publ 0415731 PCT Publs. WO
SUA0TO36, WO 94/03622, WO 83725698, and WO 83725234, ULS, Patont No. 5,219,740,
PCT. Pabls. WO 93/11230 and WO 93710218; Vide and Hart (1993} Cancer Res. S3:3860-
3864 Vile and Hart {1993} Concer Res. 33:962-967; Ram &f of. {1993) Cancer Res. 53:83-
R8; Takamuya et al (1992} Newrosel, Res, 33:493-503; Baba et al. {1993)J Newrosurg,
79729735 LS. Patent No. 4,777,127, G.B. Patent No. 2,200,651, EP. Pat. Pabl. 0343242,
ard PCT Publs, WO91/02803,

Other vival vector systenis that may be used to deliver a polynueleotide of the
nvention have been dertved from herpes virus, e.g., Herpes Simplex Vivus {ULS. Patent No.
5,631,236 and PCT Publ, WO 00/08191), vacomia virus (Ridgeway {1988 “Manmmalian
expression vectors,” In: Rodrignez and Denhardt, eds. Vectors: A survey of molecular
cloning vectors and their uses. Stoncham: Butterworth; Barchwal and Sugden (1986)
“Veetors for gene ranster dertved from amimal DNA viruses: Transient and stable
expression of transiorred genes,” In Kucherlapati R, od. Gene transfor. New York: Plemunn
Press; Coupar er af. {1988) Gene, 68:1-10}, and several RNA viruses. Exemplary viruses
nclade an alphaviros, 8 poxivirus, ag arena virus, a vacchua virus, a polio virus, and the
like. They offor several attractive featares for various mammalian cells (see, for example,
Friedmanm (1989} Svience 244:1275-1281; Rudgeway (1988) supra; Baichwal and Sugden

(YRS supra; and Horwich er ol (1990}, Firol 64:642-6303,
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i some ehodiments, lentiviral vectors are useful. Numerous lentiviruses saifable
for use in the present bwvention ave well known in the art. “Lentivirus” refers to a genus of
refrovinuses that are capable of infecting dividing and non-dividing cells, Lentiviruses may
mnfect nondividing cells owmg to the karyophilic properties of their premntegration conplex

5 which allow for its active import through the nucleopore. Several examples of lentiviruses
mchide HIV (human timmusodeficieney virus; mcleding BRIV type 1, and HIV type 23, the
etiologic agent of the buman acquired wwmmeoedeficiency syndrome {AIDS); visna-maedi,
which causes encephalitis {visna) or ppewmonia (macedi}) i sheep, the caprine arthritis-
cacephalitis vings, which causes mmune deficiency, arthritis, and encophalopathy i goats;

10 cgume mfectious ancima virus, which causes autoimnume homolyiic anemia, and

encephalopathy m borses; feline mmpnmodeficiency virus (FIV), which causes immumne
deficiency in cats; bovine imnugwe deficiency virus (BIV), which causes lymphadenopathy,

Iymphaocytosis, and possibly contral nervous system infection i cattle; and simian

imimnedeticiency virus {81V}, which cause tmmune deficiency and encepbalopathy in sub-

L

human primates.

A lentiviral genome 15 generally organized into a ¥ long wrminal repeat (LTRY, the
gag vene, the pol gene, the env gene, the accessory genes {nef, vif, vpr, v and a 3 LTR
The viral LTR 15 divided mio three regions called U3, R and US. The U3 region contains
the enhancer and promoter elements. The US region contains the polyadenylation signals.
A The R {repeat) region separates the UJ and US regions and wansenbed sequences of the R
repion appear at both the 5 and 3 onds of the viral RNA. The 8 and 3" LTR's serve to
proniote transeription and polyadenyvlation of the vivion RNAs. The LTR contans all other
cis~acting sequences necessary for virad replication. Lentivivuses have additonal genes
cluding vif, vpr, tat, rev, vpu, nefand vpx. Adjacent to the 3" LTR are sequences
25 nccessary for reverse transcription of the genome {the tRNA pramer bindimg site) and for

efficient encapsidation of viral RNA fnto particles {the Psi site). I the scquences necessary
for encapsidation {or packaging of retrovival RNA into infectious virions) are missing from
the viral genome, the cis defect prevents encapsidation of genomic RNA. However, the
resulting mwtant remaims capable of dirceting the synthesis of alf vivion profoins,
W Engincered lentivival vectors are also known that may transduce hematopoictic stem cells
and HSC lincages {sce, for example, “"RNA Virases: A Practical Approach”™ (Alan J. Cann,
Ed., Oxford U nivm‘sity Press, (2000); O Narayan and Cloments (19893 J. Gen. Firol,

70:1617-1639; Fields ¢v . (1990) Fundamental Virology, Raven Press.; Mivashi er ol
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(F99RY . Firol 72:8150-8157; 118 Pat. Nos. 5,994,136, 6 013,516, 8551,773, and
5361787 Evans e ¢ (1999) Hum. Gene They, HR1479-1489; Case e ol {1999) Proc.
Nat. Acad. Sci. 1254, 86:2988-2993; Uchida er ol (1998} Proc. Narl, Acad. Sei. US4
95119301 1944 Mivosht ef al {1999} Seience I83:0R2-686; Sutton ¢f ol {1998y J
Firal. T2:3781-5788}),

The viral virus vectors may be psedudotyped. A “pscudotyped”™ virus is 3 viral
particle having an envelope protein that is from a virus other than the viras from which the
RNA pgenome is derived. The envelope protein may be from a different virus. For
example, an envelope protein is the vesicular stomatitias viras G {VSV G} protein or from
measles vivus. However, to ehimnate the possibility of human infection, viruses nay
alternatively be pseudotyped with ecotropic envelope protein that linut mifection to a
specifie species, such as mice or birds. For example, 1n one enshodiment, a matant
ceotrapic envelope protem is used, such as the ccotropre envelope protein 4.17 (see, for
example, Powell er gl (2000) Nar. Biotech. 18:1279-1282).

The viral virus vectors may also be self~inactiving. For examiple, a “self-
wactivating 3" LTR" is 3 3" long terminal repeat (LTR) that contains a nnstation,
substitution or deletion that prevents the LTR sequences from driving expression of a
downstream gene. A copy of the U3 region from the 3" LTR acts ax a template for the
generation of both LTR's in the integrated provirus. Thus, when the 3 LTR with an
mactivating deletion or motation integrates as the 5 LTR of the provirus, no transcription
from the 3" LTR is possible. This climinates competition between the viral
enhancer/promoter and any internal enhancer/promoter. For exaniple, a deletion in the U3
region of the 3" LTR of the vector DNA, i.¢., the DNA used to prodece the vector RNA
mayv be made, Thus, during reverse transcription, this deletion is transferred fo the 3 LTR
of the proviral DNA. i is desirable to climinate enough of the U3 sequence to greatly
diminish or abolish altogether the transcriptional activity of the LTR, theveby greatly
diminishing or abolishung the production of full-length vector RNA in transduced cells.
However, it is geoerally desirable to retain these cloments of the LTR that are mvolved in
polvadenyiation of the viral KNA, a function spread out over U3, R and US. Accordingly,
it 15 desirable to climinate as maay of the wanseriptionally important motifs from the LTR.
as possibie while sparing the polvadenylation deternunants. The LTR may be rendered
about 0%, 1%, R2%, 83%, ¥4%, B3%, 6%, 7%, RBY, 8%, 90%, 91%:, 92%, 93%,

0485, B5% 96% 97%, 98%,, to about 99%% ranscriptionally inactive,
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Selfnactivating 3° LTRs and other vival selfinactivating methods and reagents are
well know in the art (see, for example, Zufferey ef al {1998y J Firel 72:9873-98K0;

Mivoshi e of. (1998 Firol, 72.8150-8157; and bwakama ef af. {1999) Firal 261:120-

132
5 Other clements commonly foand in viral veetors and generally operably linked to
geney of inferest in order (o enhance the expression or utility of the viral vectors are weldl
known and described further below.
) Enhancers, promoters, and indacible forms thereof
10 A “promoter” is a control sequonce that 1s a region of & nucleic acid sequence at

which initiation and rate of transcription are controlied. It may contain genetic elements at
which regulatory protoins and molecules may bind, such as RNA polynierase and other
tramseription factors, to imtiate the specific ranseription a nucleie acid sequence. The

phrases “operatively positioned,” “operatively Haked,” “ander control,” and “under

LA

transcriptional control™ mean that a promoter, or other regudatory element or usetul element
of the vector, is in a correct functional location and/or orentation in relation to a nucleic
acid sequence to regulate the sequence (2.0, control transcriptional inttiation andfor
expression of that sequence).

A promoter generally comprises @ sequence that functions to position the start site
20 for RNA synthesis. The best known example of this is the TATA box, but in some
promoters lacking 2 TATA box, such as, for example, the promoter for the mammalian
ternunal deoxynucieotidvl ransferase gene and the promoter for the SV4Q late genes, a
discrete clement overlving the start site itself helps o fix the place of sitiation.  Additional

promoter elements regudate the frequency of transeriptional initiation. Typically, these are

5 located bnthe region 30-110 bp apstremm of the start site, although a mumber of promoters

have been shown to contain functional clements downstream of the start site as well. To
bring a coding sequence “under the control of” a promoter, the § end of the transcription
mitiation site of the transcriptional reading frame is placed “dowustreany” of (i.¢., 3" of) the
chosen promoter. The spacing between promeoter clements frequently is flexible, so that

£ promoter function is preserved when clements are inverted or moved relative to one
another. In the tk promoter, the spacing between promoter elements may be inereased to S6
bp apart before activity begins to dechne. Depending on the promoter, it appears that
mndividual clements may fimetion either cooperatively or independently (o activate

transcription.
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In addition, a specific initiation signal also may be required for efficient translation
of coding sequences. These signals include the ATG mitiation codon or adyacent
sequences. Exogenous translational contrel signals, mehuding the ATG mitiation codon,
may need to be provided. One of ordinary skill in the ant would readily be capable of

5 determining this and providing the necessary signals. 1t is well known that the initation
codon rmust be “m-frame™ with the reading frame of the desired coding sequence to ensure
tronslation of the entire msert. The exogenous transigtional control signals and itiation
codons may be either natural or synthetie. The efficiency of expression may be enhanced
by the inchusion of appropriate wanseription enhanecer clements.

io A promoter may or may not be used in conpmction with an “enhancer,” which

refers o a cs-acting regulatory sequence mvolved in the transenipiional activation of a
nocleic acid sequence. Enhancers were originally detected as genetic elements that
mercased ranscripiion from & promoter located at a distant position on the same mnlecule

of DNAL This ability o act over a large distance bad bittle precedent 1 classic studies of

L

prokaryotie transceriptional regulation. Subsequent work showed that regions of DNA wath
enbancer activity are organized mach like promoters. That s, they are composed of many
mdividual elements, cach of which binds to one or more transcriptional proteins. The basic
distinction between enhancers and promoters 1 operational. An enhancer region as a whole
must be able to stimelate transeription at a distance; this need not be true of a promoter
A region or its component efements. On the other hand, a promoter must have one or more
clements that direct initiation of RNA synthesis at a particolar site and i a particular
orientation, whereas enhancers fack these specificities. Aside from this operational
distinetion, enhancers and promoters are very sinsifar entites.  Promoters and enhancers
have the same general fumcetion of activating franseription in the cell, They are often
25 overlapping and comtiguous, often scoming o have a very similar modular organization.
Taken together, these considerations suggest that enhancers and promoters are homologous
entities and that the transeriptional activator proteins bowund to these sequences may mteract
with the cellular ranseriptionsl machinery in fundamentally the same wav. For exanple
the UMY enhancer (Karasuvama ef of. (1980 J. Exp. Med. 169:13) nay be used in
W combination with the chicken Practin promoter (see, eg., JP 1990005890-A 1} Again, one
of skill i the art will be able o select the appropriate enhancer based on the desired

oxpression pattern.
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A promoter may be one naturally assocrated with a nucleic acid sequence, as may be

obtained by isolating the 5 non-coding sequences located upstream of the coding segment
andfor exon. Such a promoter miay be referved to as “endogenous.” Sinnlarly, an enhancer
may be one naturally associated with a nucleie acid sequence, located cither downstream or
5 opstream of that sequence. Altermatively, certain advantages will be gained by positioning
the voding mucleie acid segment under the contro! of a recombinant or heterologous
promoter, which refers to a promaoter that is not normally associated with a nucletc acid
sequence 1o its natural environment. A recombinant or heterologous enhancer sefers also to
an enhancer not normally associated with a nucleie acid sequence in its natural
10 environmwest. Sach promoters or enhancers may inchude promoters or enhancers of other
genes, and promoters or enhancers 1solated from any other virus, or prokaryotic or
eukarvotic cell, and promoters or enbancers not “matwally occurring,” L., contaimng
difterent clements of different transcriptional regulatory regions, andfor mutations that alter

expression. For example, promoters that are most commonly used it recombinant DNA

L

construction include the Flactamase (ponicillinase), factose and tryptophan (tp) promoter
systems. In addition to producing nucleic acid sequences of promoters and enhancers
synthetically, sequences may be produced using recombinant cloning andfor nucleie acid
ampiification technology. includmg PCR™, in connection with the compositions disclosed
herein (see ULS. Pat. Nos. 4,683,202 and 5,928 906). Furthermore, 1t is contemmplated the
A control sequences that direet transeription andfor expression of sequences within non-
auclear organclios such as mitochondria, chloroplasts, and the Iike, may be cmploved as
well Control sequences comprising promoters, enhancers and other locus or transeniption
controlling/modidating elements are also referred 1o as “transcriptional cassettes™,
Natarally, it will be important to employ a promoter andfor enhancer that effectively
35 divects the expression of the DNA sepment in the organclie, ccll type, tissue, organ, or
organism chosen for expression. Those of skill in the art of molecular biology generally

know the use of promoters, enhancers, and cell type combinations for protein expression,

{see, for example Santbrock ef o/ {1989 supra). The promoters coployed may be

constittive, tissuc-specific, cell-specific, developmental stage-specific, inducible, andfor
3 useful under the appropriate conditions to direct lugh level expression of the introduced

DINA segment, such as is advantageous for gene therapy or for applications such as the

large-seale production of recombmant proteins andfor peptides. The promoter may be

heterologous or endogenous. Use of a T3, T7 or SP6 eyvtoplasniic expression system is
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another possible embodiment. Eukaryotic colls may sapport eytoplasmic sranscription from
certain hacterial promoters if the appropriate bacterial polvimerase is provided, either as part
of the delivery complex or as an additional genetic expression construet. To determine
whether a partscular promoter 15 useful, a sclected promoter may be tested 1n the construct
i vitee i an HSC fincage cell and, if the promoter 1s capable of promoting expression of
the transgene at 3 detectable signal-to-noise ratio, 1t will generally be asefid in accordance
with the present invention, A desirable signal-<to-noise ratio s one between about 14 and
about 200, a more desirable signal-to-noise ratio s one 40 and about 200, and an evon more
desirable signal-to-noise ratio 1s one between about 150 and abow 200, One means of
testing such a promoter, deseribed in more detail herem below, s through the use of a
signal generating transgene such as a reporter, ke a fluorescent protein such as the green
fheorescent protein (GFP).

Non-timiting exaraples of promoters that may be used nchude the promoter for
ubiguitin, CMV (LS. Pat, No. 5,168,062 and Karasuyama ef ol (1989).0 Exp. Med.
169:13), f-actin {Gunning f ol (1987) Proc. Nal dcad Sci. TN A 84:4831-4835), and
pek (U.S. Pat. Nos. 4,615,974 and 5,104,795, Adra e ol (1987) Gene 60:635-74; Simger-

Sam el gl {1984) Gene 32:409-417; and Dobson er af. (1982) Nucl dcids Res, 10:2635-

2637y, Alternatively, the promoter may be a tissue specific promoter. Several non-limiting
examples of tissue specific promoters that may be used include Iek {see, for example,
Garvin of gl {19883 Mol Cell. Biol 3:3058-3064 and Takadera er al. (1989) Mol Cell.
Biol $:2173-2180}, myopenin {Yee ef ol {1993) Geney Dev, 711277-1289), and thy 1
{Gamdersen af o, (19923 Gene 113:207-214), In addition, promoters may be sclected to
allow for inducible expression of the transgene.

For expressing short RNAs, such as interfering RNAs, RNA Polymerase Hi
prinmoters are well known to one of skill i the art. For example, a wide range of RNA
Polymerase HI promoters are disclosed in Paule and White {2000) Nudl, deidy Res.
28:1283-1298. The defimuon of RNA Polvmerase HI promoters also include any synthetic
or engincered DNA fragment that niay direct RNA Polymerase T to transcribe a
downstream RNA coding sequence. Switable promoters include, but are not himuted to, the
Ut or HI BNA pol T promaoter sequences and the evtomegalovirus promoter.

Further, viral vector promoters, such as the RNA Pelymerase HI (Pod HI) promoter
or other promoters used as part of the viral vector, may be inducible. Any suitable

indueible promoter may be used with the methods of the present inventon and such
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promofers are well know i the art {see, for example, PCT Pabl. WO 2004/036904; 115,
Pat. 8679 845; and 1LS. Pat. Publ. 2010/0077495). Transcription-reguiatory elements
conferring mducibidity on the promoters may be placed within the promoter region, such as
between the proxamal sequence element (PSE) and the transeription start sife, upstreant or
downstream from the TATA box. Such sequences may also be placed outside the
promoter, such as downsirears from the end of an imterfering RNA sequence. In addition, a
viral vector contain 1, 2, 3,4, 5, 6, 7, 8,9, 10, or more of such mducibility conferring
clements i order to more or less tightly regulate ranseniption m response to the imnducing
signal.

Usefist mnducible Pol I promoters tchude etracyeline responsive promoters {see,
for example, Obkawa and Tmra (2000) Hum. Gene Therap. 1 1:577-583 and Meissner ef al.
{2001) Nued, doids Res. 29:1672-1682), operator sequences (tet(0) of the £, coli tetracyeling
resistance operon (Ceauderna ef al. (2003) Nucl, doids Res. 31127, Matsukora ef ¢l
{2003) Nl dcddy Res. 31277, van de Wetering o ol (2003} EMBO Rep. 4:6089-615; and
Ohkawa er gl (2000) Hum. Gene Ther. 11:577-585). Many inducible promoters may be
used as a cis-regolatory cloment and these commonly, but not necessarily, use an element
that serves a landing pad function of providing a place to which a tethering factor {a
sequence-specific DNA binding protem) may bind to the DNA and bring a diversification

factor, fased to the tethering factor, into sufficient proximity of the coding region so that

&

¥

diversification of the coding region is capable of reversible regudation. A tethering factor is
one that binds to the cis-regulatory clement in a sequence-specific manner. In the
entbodiments i which LacO serves as o ais-regulatory clement, the Lac vepressor, Lacl,
mav serve as the tethering factor, and 18 binding to the cis-regulatory element, Lac(, may
be regulated by tsopropyl-B-D-thio-galactoside (PTG). 1n the absence of IPTG, Lacl binds
Lac() and diversification is accelerated {or otherwise regulated) by the presence of the
diversification factor, IPTG may be added i the event that a halt or reduction in activity of
the diversification factor 1s deswwed. B embodiments in which TetO serves as the cis-
regulatory elenent, TetR nay be a suitable tetherng factor, and the activity of the
diversitfication factor may be regulated by tetracycline or doxyeyeline, Qther transeription-
repulatory eloments that allow or inducible expression are well known m the art and may be
wserted nte the promoter region for controlled expression of genes of interest. For
example, LPTG-mducible systoms based on LacO and Lact ropressors are well known in

the art, as are inducible systems based on Cre, Gald, MTH (phorbol ester, TFA), MMTV
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{glacocorticoids), beta~-interferon {(poly{rly or polv(re)), adenovirus 3 B2 {E1A)}, collagenase
{phorbol ester, TFA), and the ke, For RNA Polvmerase I- or Pol Li-based wanseniption
wiits, well-established inducible systems such as tetracyeline fransactivator systoms,
reverse tetracyeline transactivator systoms, and ecdysone systems may be used.

5 Additional regulatory elements are also well known that may enhance expression of
the gene of iterest. One tyvpe of postiranscrptional regulatory sequence s an indron
positioned within the expression cassette, which may serve 1o stimulate gene expression.

gene of

bec

Since introns placed m such a manner may expose the RNA transeript of the
mterest 10 the normal cellular splicing and processing mechanisms, # may be destrable to
10 locate infron-contain g Iransgenes i an otieniation oppostie (o that of the vector genomic
wanseript. Alternatively, a method of enhancing expression of a gene of inferest is through
the use of a posttranseriptional regulatory element which does not rely on splicing events,
such as the postiranseriptional provessing clement of herpes stmaplex vivus, the

postiranseriptional regulatory clement of the hepatitis B virus (HPRE) or that of the

L

woodchuck hepatitis virus {WPRE), which contains an additional cis-acting clement not
found m the HPRE. The regelatory cloment Is positioned within the vector so as to be
included in the RNA transcript of the transgene, but outside of stop codon of the transgene
translational unit. The use of such regulatory elements are particularty preferred in the
context of modest promoters, but may be contramndicated in the case of very highly efficient

A promoters.

d} Other vector clements
Vectors of the present invention may include a sudtiple cloning site (MCS), which
is a nuclere acid region that contains multiple restriction enzyme sites, any of which may be
ased in conjunction with standard recombinant technology to digest the vector.
“Restriction enzyme digestion” refors to catalviie cleavage of a nucleic acid molecule with
an enzyme that functions only at specific locations m a nucleic avid molecule. Many of
these restriction enzymes are commercially available. Use of such enzymes is widely
wnderstood by those of skill in the art. Frequently, a vector is Hnearized or fragmented using
§  arostriction enzyine that cuts within the MCS fo cnable exogenous sequences to be figated
to the vector. “Ligatton” refers to the process of fornung phosphodiester bonds between
two nucleic acid fragments, which may or may not be contiguous with cach other.
Technigues mvoelving restriction enzymes and higation reactions are well known fo those of

skill 1 the art of recombinant technology.
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Most transcribed eukarvotic RNA molecules will wndergo RNA splicing to remove
nrons from the primary transeripts. Vectors contaiming genomic eukaryotic sequences
may reguire donor andfor aceeptor splicing sites (o onswe proper processing of the
wanscript for protemn expression.

5 The vectors usefol for the present invention will generally comprise at least one
fernunation vignal, A “tersunation stgnal” or “ternuaator” 1s comprised of the DNA
sequences involved 1n specific termination of an RNA transcript by an RNA polvmerase.
Thus, i certam embodiments a termunation signal that ends the production of an RNA
tramseript is contemplated. A termunator may be necessary i vive to achicve desirable

10 message fevels,

In cukarvotic systems, the terminator region may also comprise speeific DNA
sequences that permit site-specific cleavage of the new ansoript o as to expose
polvadenylation site. This signals a specialized endogenous polymerase to add a stretch of

about 200 A residues (polvA) to the 37 end of the wansenipt. RNA molecules modified with

L

this polvA tatl appear to more stable and are ranslated more efficiently. Thus, in other
cmbodiments mvolving eukaryotes, it 1s preferred that that teronnator comprises a signal
for the cleavage of the RNA, and 1t is more preforred that the torminator signal promotes
polyadenyiation of the message. The terminator andéor podyadenylation site clements may
serve to enhance message fevels and to mimnuze read through from the cassette into other
23 sequences.

Termnators conteaplated for use in the wveniion mclude auy knows ferminator of
transcription described hevein or known to one of ordinary skill in the art, inchsding but not
{imited to, for example, the ternnnation sequences of genes, such as for example the bovine
growth hormone terminator of viral termination sequenccs, such as for example the SV40
25 twerounator. For example, Pol Ui termmators preferably comprise of stretehes of 4 or more

thymidine ("T7) residues, o a preferred embodiment, a chuster of 5 consecative Ts is

hinked mmediately downstream of the RNA coding region o serve as the terminator. In

such a construct peol I ranscription is terpunated at the sceond or thivd T of the DNA

template, and thus only 2 fo 3 uridine (U7 residues are added o the 3 end of the coding
W sequence. In contain embodiments, the torunation signal may be a lack of trasseribable or
transtatable sequence, such as due to a sequence tnmeation.

In cukaryotic gene expression, a polvadenylation signal is generally added i order

to effect proper polyadenviation of the transeript. The natwe of the polvadenylation signal
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1s not heheved to be cructal to the successful practice of the invention, and any such
sequence niay be employed. Some examples include the SV40 polvadenviation signal or
the bovine growth hormone polvadenylation signal, convenient and knowa to function well
in various target cells. Polyadenylation may merease the stability of the transeript or may
facilitate cytoplasmic transport.

i order to propagate a vector of the iwvention in a host cell, it may contain one or
more origins of replication sites {often tormed “ort™), which is a specific nuclete acid
sequence at which replication 1s imtiated.  Altematively an autonomounsly replicating

sequence {ARS) may be emploved if the host cell is veast.

e} Production of virus

Any method known in the art may be used to produce infectious retrovival particles
whose genoine comprises an RNA copy of the viral constract deseribed above. Preferably,
the viral constraet is introduced mto a packagmy cell lime. The packaging cell line provides
the viral proteins that are required in trans for the packaging of the viral genomic RNA into
viral particles. The packaging cell line may be any cell hine that is capable of expressing
retroviral proteins. Usceful packaging cell Hnes inelude 293 (ATCC CCL X). HeLa (ATCC
CCL 23, D17 (ATCC CCL 183), MDCK (ATCC CCL 34y, BHK (ATCC CCL-10) and
CRTh (ATCC CRL 1430). The packaging cell line may stably express the necessary viral
protemns (see, for example, U.S. Pat. No. 6,218,181}, Alernatively a packaging cell line
mav be transtently ransfected with plasnuds comprising nucleic acid that encodes the
accessary viral proteins. In one embodiment a packaging celf ine that stably expresses the
viral proteins required for packaging the RNA gevome 1s transfected with g plasoud
comprising the viral construct described above. In another embodiment a packaging
cell line that doos not stably express the necessary vival proteins s co-transfocted with two
ot mare plasmuds {see, for example, Yeo ef af. {(1994) Medh. Cedl. Biol 43A99-112). In
some embodiments, the packaging cell bine may not express envelope gene products. In
this case, the packaging cell hne will package the viral genome into particles that fack an
cavelope protein. As the envelope profemn s responsible, m part, for the host range of the
viral particles, the viruses may be pseudotyped as described above. In other emboduments,
RNA mterference activity of the packaging cells may be suppressed in order to improve the
production of recombinant virus. This includes, without limitagon, the use of
cotransfection or stable transfection of constructs expressing siRNA molecules to inhibit

Drcer, an RNase 1T family member of ribonuclease which is cssential for RNA interference
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{Hanmmond et af (261 Nt Rev. Gener. 2:110-119). The recombinant virus 15 then
preferably purified from the packaging cells, utered and diteted to the desived concentration

according to standard protocols well known in the art.

£ Delivery of wirus

Target colls may be wansduced in any way that allows the virus to contact the target
colls in which delivery of a sequence containing a gene of intorcst is desired according to
wili-known methods i the ant (see, for example ULS. Pat. 8,352, 150). In some
embodiments, a suitable amount of virgs is Intvoduced into a subject divectly (i vive), for
example though imection into the host’s body. In some preferred embodiments, the viral
particles are injected inte a subject's peripheral blood stream. In other preforred
cbodimends, the viral particles are injected tide a subject through intea-dermal injection,
subcutancous mjection, ntra~peritoneal canvity injection, or intra~venal iwjection. The virus
may be debivered using a subdermal injection device, sach as those disclosed in US. Pat.
Nos, 7,241 275, 7,115,108, 7. 108,679, 7 083,390 7,083,392, 7,047 070, 6,971,999,
6,808 506, 6. 780,171, 6,776,776, 6,689,118, 6,670,349, 6,569,143, 6,494 865, 5997501
SR4R8 69T 5328483, 5,279,552, 4 886,499 Other injection locations also are suitable,
such as divectly info organs comprising target cells. For example mnra-lymph node
njection, mira-spleen mjection, or mtra~bone marrow injection may be used to deliver viras
to the lymph node, the spleen and the bone marrow, respectively, Transduced cell
populations of interest may then be selected.

in other embodimonds of the present invention, a suitable ameunt of virus s
ntroduced inio target cells obtained from a subject (ex wivo), for example through
incubation of the virus with target primary cells or target cells in cultire. The target cells
may be cells obtamed from bone marrow, fetal Hver, peripheral blood, anmiotic fluid, cord
blopd, and the like. Methods to obtain cells from a subyeet are well known fix the art as
deseribed above. The vires may be suspended in media and added to the wells of a cultwre
plate, tabe or other contaner. The media containing the virus may be added prior to the
plating of the cells or affer the colls have been plated. Preforably cells are meubated in an
appropriate amount of media to provide viability and fo allow for sintable concentrations of
virus 1 the media such that infection of the host celf vecurs.

In stilf other embodiments, target cells are provided and contacted with the viras in

vitra, sach as i culture plates.

- 40 -
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The cells may be incobated with the vires for a sufficient amount of time to allow
the vivus to infect the cells, Preferably the cells are incubated with virus for at least § howr,
more preferably at least § hours and even more preferably at keast 10 hours,

in ew vivo, i vitro, and in vivo delivery embodiments, any concentration of virus
that is sufficient to infect the desired target cells may be used, as may be readily determined
by the skilled artisan. When the target cell is to be caltured, the concentration of the viral
particles s at least 1 PFU/ul, more preferably at feast 10 PFUW, even more preferably at
feast 400 PFU/ut and even more preferably at least 15307 PFU/W. The titer of the virus
may be adjusted o allow for, on average, 1, 2, 3, 4, 5, or more independent cellular
transductions with independent viral construets. In one embodiment, the viral titer is
adjusted to allow for 1 or fewer such cellular transduction events in order to prevent
nusttiple mtegration events.

The methods of infecting cells disclosed above do not depend wpon individual-

pecific characteristics of the cells, As g result, they are readily extended to all mammals.

o3

In some embodiments the recombinant virus is delivered to a human or to human HSC cell
lineages. In other embodiments, the recombinant virus is delivered to a mouse or o mouse
HSC cell hincages. In still other embodiments, the recombinant vinus is delivered to an
animal other than a buman or a mousg, or to ceils from an animal other than a buman or a
AIOUSE,

As discussed above, the recombinant vivus may be psendotyped to confer upon it a
broad host range as well as target coll speaificity. One of skill in the art would also be
awqre of appropriate internal promoters to achieve the desired expression of a
polymucleotide or gene of interest i a partioular amimal species. Thus, one of skill i the
art will be able fo modify the method of mfecting dendritic cells derived from any species,

The transdaced cells may be analyzed, for example for integration, franscription,
and/or expression of genes of nterest, the munber of copies of the gone Integrated, and the
location of the ntegration. Such analysis may be carried out at any time and may be carried
out by any methods known n the ait. Incubator animals i which a recombinant virus or
virus-infected target colls are administered may be analyzed for location of infected cells,
expression of the vivas-delivered gene of imerest, modulation of an 1owsune response,
and/or monitored for symptoms associated with a disease or disorder by any methods

knowi i the art,
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C. Transplantation and Selection of Transduced Cells In Incubator Animals

Transduced HSC Hneage cells may be transplanted into incabator aimals such that
they proliferate, develop, and/or differentiate m an i vivo environment. Transduced coll
populations of interest may then be selected from the neubator animals.

“Incabator ammals”™ are host ammals in which transduced HSC lineage cells may
proliferate, develop, and/or differeatiate in an i vive environment. The host ammals,
animal ages, transplantation routes, cellular solation methods, marker phenotyping
methods, and the hike are not particularly restricted and include all of the various anmmals
from which the ransduced HSC lineage cells were obtamed, as deseribed abave.
Following transduction, the transduced HSC Ineage cells may be introduced or re-
mtrochiced mto an incubator amimal. In some embodiments, the cells may be miroduced
into the peripheral blood stream by, for example, intravenoas infusion. The cells
mtroduced o a subject may be cells derived from that sabject, to avoid an adverse
immune response. Cells also may be used that ave denived from a donor subject having a
sintiar immune background. Other cells also may be used, ncluding those designed to
avoid an adverse immunogenic response.

In one embodiment, incebator antmals are autologous with respect to the ransduced

~ lineage cells. “Autologous™ refers to deriving from or originating n the same subject
or patient. An “autologous transplant” refers to the harvesting and reinfusion or

wansplant of a subject's own cells or organs. Exclusive or supplemental use of autologous
cedls may chivusate or redhsce many adverse effects of administration of the celis back to the
host, particelar graft versus host reaction,

In another enshodiment, incubator animals are alogeneic with respect to the
transdyced HSC Hineage cells. "Alfogeneie™ refers o dertving from, origmnating in, or being
members of the same species, where the members are genetically related or genetically
anrelated but genetically similar. An “allogeneic wransplant” vefers to transfer of colls or
organs from a donor to a recipient, where the recipient is the same species as the donor,

a sulf another embodiment, incubator antmals gre mismatched allogeneic with
respect to the ransduced HSC lineage cells. “Mismatehed allogeneic™ refers to deriving
from, originating in, ot being members of the same species having non-identical major
histocompatibility compdex (MHC) antigens (e, proteins) as typically determined by
standard assays used in the art, such as serological or molecular analysis of 3 defined

nwuber of MHC antigens. A “partial nusmatel™ refers to partial mateh of the MHC
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antigens tested between members, typically between & donor and recipient. For instance, a
“half mismateh” refers to 50% of the MHC antigens tested as showing different MHC
antigen type betwveen two members. A “full” or "complete”™ mismateh refers to all MHC
antigens tested as being different between two members,

Determining the degree of MHCU nusmatch may be accomphished according to
standard tests known and used in the art. For instance, there are af feast six major
categories of MHC genes in humans, identified as being important in transplant biology.
HLA-A, HLA-B, HLA-(C encode the HLA class 1 proteins while HLA-DR| HLA-DQ,
and HLA-DP encode the HLA class I proteins. Gones within each of these groups are
highly polymorphie, as reflected m the mumerous HLA alleles or vanants found m the
human population, and differences m these groups between mdividuals 1s associated with
the strength of the imnwine response aganst transplanted cells. Standard methods for
determining the degree of MHC mateh examine allcles within HLA-B and HLA-DR, or
HLA-A, HLA-B and HLA-DR groups. Thus, tests may be wade of at least 4, and even S or
6 MHC antigens within the two or three HLA groups, respectively,

In serotogical MHC tests, antibodies divected against each HLA antigen type are
reacted with cells from one subject (eg., donor) to determing the presence or absence of
certain MHC antigens that react with the amtibodies. This is compared to the reactivity
profile of the other subject {e.g., recipient). Reaction of the antibody with an MHC antigen
is typically deternuned by incabating the antibody with cells, and then adding complement
to taduce celf fysts (e, byaphocytotoxicity testing). The reaction s exanuned and graded
according to the amount of cells fysed in the reaction {see, for example, Mickelson and
Petersdorf (1999 Hemuiopoletic Cell Tramsplantation, Thomas, E. D ef ol eds., py 2837,
Blackwell Sctentific, Malden, Mass.}.  Other celi-based assays include flow eytometry
using abeled antibodies or enzyvime linked inununo assavs (ELISA).

Molecular methods for determining MHC type are well known and generally
employ synthetic probes andfor primers to detect specific gene sequences that encode the
HLA protein. Synthetic oligonuclectides may be used as hybridization probes to detect
restriction fragment length polymorphisms assoctated with particular HLA types (Vaugha
{2002} Method. Mol Biol. MBEC Protocol, 210:43-60). Alternatively, primers may be used
for amplifving the HLA sequences (e.g., by polymerase chain reaction or ligation chain
reaction), the products of which may be further examined by divect DNA sequencing,

restriction fragment polymorphism analysis (RFLP), ov hybridization with a series of
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sequence specific ohgonucleotide priwers (SSOP) (Petersdorf ef of, (1998) Blood 92:3515-
3520; Morishuima ¢f af (20023 Blond 99:4200-4206; and Middleton and Willianms
(2002) Method. Mol Binl MHC Protocol 210:67-112).

in yet another embodiment, incubator animals are syageneic with respect to the
wansdaced HSC hineage cells. “Syngeneic” refers to deriving from, originating in, or being
members of the same species that are geaetically identical, particudarly with respect to
antigens or imownological reactions. These include wentical twins having matching MHC
types. Thus, a “syngeneic transplant” refers to transfer of cells or organs from a donor to a
vecipient who is genetically identical 1o the donor.

In another cmbodiment, incubator animals are xenopeneic with respect to the
wansduced HSC lineage cells. "Xenogeneie” refers 1o dertving from, originating in, or
heing members of different species, e.g., human and rodent, human and swine, human
aned chimpanzee, ofc. A “xenogencic transplant” refers o transfer of cells or vrgans from a
donor to a recipient where the recipiont 1s g species different from that of the donor. Inone
embodiment, the meubator animal may be “huwmanized”™ in order to be compatible with
aman transduced HSC lincage cells. The torm “umuac-system namanized” refors to an
animal such as a8 mouse comprising haman HSC lineage cells and haman acquired and
innate impnme cells, wherein the human HSC lincage cells and human acquired and innate
womune cells differentiated from the HSC haeage cells survive without being rejected from
the host animal, thereby allowing human hematopoiesis and both acquired and bmate
imwnanty to be reconstitated m the host animal. Acquived invowne cells inchude T cells and
B cells. Innate imbnme cells include macrophages, gramdocytes {basophils, cosinophils,
nentrophiis), DOs, NK cells and mast cells. Representative, non-limiting examples include
SCID-fws, Hu-PBL-SCID, Hu-SRO-SCHD, NSG (NOD-SCID L 2r-gammainull}y, NQG
{NOD-SCID L. 2r-gaomadfruncated)), BRG (BALB/e-Rap2 (mad L 2r-gammalnull})), and
H2dRG (Stock-H2d-Rag2{inuiL2r-ganmma(nuall}) mice {see, for example, Stadtz ¢r al.
{2007 Nat. Rev, Isomunol. 7118, Pearson et ol (2008) Gy Provocol. Immmuncd, 15321
Brelun ef gl 2010) Clin, Immunol 135:84-9%), as well as related null nwtants of immune-
refated genes hike Ragl, Rag2, 1L.2rg, or Pril, allow for efficicnt cngraftment of human
munpme cells in mice {see, for example, PCT Publ. WO2013/062134),

Besides the species or inumanological match between the transduced HSC lineage
cells and the tncubator animal, the incubator animal may be distinguished frow the

wransduced HSC hineage cells in other wavs. For exaniple, the meubator animal may be
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congenic with respect to the transdaced HSC hneage cells. “Congenie™ refers o dertving
from, originating iy, or being members of the same species, where the members are

genctically identical except for 3 small genetic region, typically a single genctic locus (ie.,

a single gene). A “congenie transplant” refors o transfor of cells or organs from a donor o

5§ arecipient, where the recipient is genetically identical to the donor except for a single
genetic tocas. For example, CD4S exasty m several allelie forms and congenic mouse fines
exist in which the mouse lines differ with respect to whether the CD45 1 or CD45.2 allelic
versions are expressed.

in one embadiment, the incubator antmal 1s immunocompromised. An

10 “mmunocompromised” animal 13 an animal whe 1s incapable of developing or unbkely to

develop a robust impwune response due to a tack or reduction n functioning mature INumuUNg

systemn cells, sach as B cells andior T cells. Immanocompronused subjects ave more
susceptible o opportunistic mfections, for example viral, fungal, protozoan, or bacterial

mfections, prion discases, and cortam neoplasms.

L

in some embodiments, the immmunocompronused incubator animal is
“immunodeficiont” in which no native host immune response mayv be mounted. In one
cmbodiment, inoumodeticiont mice are useful. For example, such mice may have severe
combined immune deficiency. The tenm “severe combined immune deficiency (SCIDY
refers to a condition characterized by absence of T cells and lack of B cell function,
Ay Common forms of SCID include: X-hinked SCID which 1 characterized by gamma chain
gone mufations in the IL2RG gene and the beaphooyte phenotype T{-) B{+} NK{-); and
autosomal recessive SUID characterized by Jak3 pene mutations and the lymphocovite
phenotype TC-) Bé+) NK{-}, ADA gene muetations and the hymiphoceyte phenotype T(-) B(-)
NK), HL-TR gipha-chain andtations and the bymphoeyte phenotype T(-) B{+) NK((+}, CD3
25 dela or epsilon moutations and the lynphocyte phenotype T(-) B{(+) NKi{+), RAGI/RAG2

mutations and the lvmphocyte phenotype T(-) B(-3 NK+), Artemis gene mutations and the

lymphocyte phenotype T¢-) B{~} NK{+}, CD45 gene mutations and the lymphoeyte
phenotvpe T{-) B{+) NK{+}. In one cmbodment, the immunadeficient mouse used m the
present invention s a mouse having the severe combined mummoedeficiency mutation

0 (Prkde™™), commonly referred to as the scid nutation. The seid mutation is well-known
and located on mouse chromosoms 16 (see, for example, Bosma er af. (1989)
Impnogenet. 29:534-56). Mice homozygous for the scid mutation are characterized by an

absence of functional T cells and B cells, tyimphopenia, hypoglobulinenua and a normal
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hematopoietic microenvivonment. The scid rutation may be detected, for example, by
detection of markers for the scid mutation using well-known methods.

Imommecompromised and wumanodeficient meubator amimals allow for ablation of
the native host smmune system such that the inwnune system may be repopulated
substantially or completely from the transplanted transduced HSC lineage cells. Aswde
from genetic mampulations, eubator animals may be rendered inunwnocompronysed or
immunodeficient using any number of well-known techniques. For example, they may be
conchitioned with sub-lethal wrradiation or lethal frradiation with hugh frequency
clectromagnetic radiation, generally using gamma radiation, or treated with a radiomimetic
drug such as busulfan or nitrogen musiard, or treated with mumunotherapy to deplete

o

tmune system~-mediating ccll populations (see, for example, Hayakawa er al (2009) Srom
Cells 27:175-182).

Transplantation of cells mnto ncubator ammals may be accomplished vsing methods
generally known inthe ant. For example, mcubator animals of mterest may be engrafied
with ransplanted transduced HSC lineage cells by vanous routes. Such routes inchade, but
are not limited to, infravenous administration, injection into the formur bone marrow cavity,
mjection o the sploen, or administeation under the renal capsule of fetal Hver. Cells may
be adnunistered in one infusion, or through successive infusions over a defined time periad
sufficient to generate a therapeutic effect. Exemplary methods for transplantation,
engrafiment assessment, and marker phenotyping analysis of transplanted vransdoced HSC
lineage cclls are well known w the art (sce, for exarple, Pearson e af. {2008) Curr
Frotocol. wunol, 811521 1-15.21 21; To er of. (G002) Blood 1H00:3175-3182; Trapgial ef
al. (2604} Seience 34 104-107; Ishukawa et @l Blood (2003) 106:1565-1573; Shultz ¢f al.
(20034 Inununoel, 173:6477-6489; and Holyoske ef al (1999 £xp. Hemarol 27:1418-
1427

The number of transduced HSC lineage colls ransduced may be adjusted based on
the desired fevel of engraftment. Generally, 1+ 1 to about 1x10" cellsikg of body weight,
from about 1x 10" to about 1+ 10° cellstkg of body weight, or about 1% 107 celis/kg of body
welght, or more cells, as necessary, may be transplanted. Transplantation of at least about
LOx10%, 2.0410% 3.0210°, .0210°%, or 5.0710" per kg of incubator host is also generally
cffective {see, for example, Oliviert e ol (1998 Haemarologica 83:329-337; Mavroudis &f
al. (1996) Blood Vo, 88:3223-3229; Singhal ef al. (2000) Hone Marrow Transplant. 26:488-

96; and Bittencowrt e of. (20023 Blood 99:2726-2733).
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Engraftment of wansplanted transduced HSC hineage cells may be assessed by any
of various methods, such as, but not imited to, Bow cytometric analvsis of cells of interest
obtatned from the inaubator animals at one or more time points following transplantation.
For example, the number of colony forming cells, the number of granulocyte-macrophage

5 colony forming cells, the manber of burst forming unit-erythroid cells, the number of
colony forming vait-grasulocyie erythroid monocyie macrophage cels, that are collected or
admintstered, mayv be gnalvzed, “Engrafiment” s successful where transplanted transduced
HSC hneage cells and cells differentiated therefrom in the incubator animal are detected at
a time when the majonty of any transplanted non-HS{C Hucage cells has degenerated.

10 Senal ransfer of cells mio g sccondary recipient and engrafiment thereof is a further test of

engraftment in the primary meubator animal. In one embodiment, the engrafiment level of
wansplanted transduced HSC hineage cells may be calculated ag the percentage of
gansplanied transduced HSC lineage cells as assessed by analysis of a phenotypic marker

relative o the total numbers of cells expressing the marker, such as i a population of cells

L

from bone marrow, penipheral blood, etc. The engraftment level is generally 70% or more,
proferably 30% or more, more preferably 90% or more, particalarly preferably 93% or
more. The engraftment level of ransplanted transdaced HSC hneage cells in spleen s
senerally 70% or more, preferably 80% or more, more preferably 85% or more, more
preferably 90% or more. The engraftment fevel of transplanted transduced HSU fineage
21 cells in peripherat blood is generatly 60% or more, preferably 70% or more, more
preforably 80%6 or more, Engrafument may be detected by flow cytometry as 8.03% or
ercater transplanted cells in the blood, spleen or bone marrow at 10-12 weeks after
transplantation,
After transplaniation and engraftment, transduced HSC cell Hincage populations and
25 progeny thereof may be obiained, solated, andior purified using methods described above.
Atany nme, engrafted cells may be analyzed by marker phonotyping, gene expression
analyses, reporter activity, and the hike to deternine the cell state of the cells. In one
cmbodimend, resting reconstituted immune colls of inforest are sclected, such as any of the
HSC tineage cell types deseribed above, “Resting™ cells refer o a non-cvcling cell in a
W non-rephicative state. Although resting colls may bave the ability o replicate and divide
upon activation, thoy are quicscent sinee they are non-cveling, Thus, “resting” cells are not
simply manpulated imumnune cells that have been stimudated o divide and then engineered

to revert 1o a quiescent, non-dividing phase.
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In one embodiment, the resting cells are natve. "Naive” cells are immune cells that

have differentiated in bone marrow, successfully undergone positive and negative selection
i the thymus, and are mature, but have not been activated and are not memory celis. Natve
T cells are commonly characterized by the surface expression of L-selectin {CD62L); the

5 absence of the activation markers, CD25, CD44, or CD6Y; and the absence of memory
CD45RO isoform. They also express funetional -7 receptors, consiating of subunits IL-7
receptor-g, CRM 27, and common-y cham, CDI132. In the natve state, T cells are thought 1o
be quiescent and non-dividing, requiring the common~gamma cham cytokines 1L-7 and H.~
15 for homeostatic survival mechamisms, By contrast, activated T eclls expross orup-

10 regulate expression of surface markers, CD25, (D44, CDEZL™ and CD69 and oy

further differentiate ito memory T cells. Naive B cells have not been exposed fo antigen

since they would either become a memory B cell or a plasma cell that seeretes antibodies.

I one crmbodiment, a resiing ecll becomes “activated” when i ts triggered o enter o a

state of reproduction or doubling and mayv include a cell entering the cell evele, cell

L

division, or nutosis. In another embodiment, a resting cell may also become “activated”
when H encounters an external signal, such as an antigen or a cytokine, that mitiates the
activity of terminally diffcrentiated, mature immunclogical cells o generate an immune

response {e.g, T cell or B cell Amction).

A D Uses of Transduced HSC Lineage Cells
The methods deseribed herein for generating rassdaced HSC hncage colls that are
differentiated i vivo, as well as progeny thereof and compositions thereof. Such
compositions have various etibties such as, bat not limited to, as models of growth and
differentiation of immune cells, fr vive stady of inwmune response, and for the testing of
25 agoents {e.g., pene products and compounds) affecting homatopoietic and immane cell
fanction. The preservation of biologically faithful immune celt development allows for the
embodiments of the present ivvention 1o be usefel for analyzing various autoimmune,
allergic {e. ., asthma, atopic dermatinis, allergic conjunctivilis, pollen alfergy, food allergy,
¢fc.}, vaccmation, mwnunotclerance, cancer immunotherapy, inwnune exhaustion,
W inwmunological memaory, or inununological epitope responses. Such compuositions can also
be used for prognostic, diagnostic, and therapeutic purposcs as described hereisn,
Mecthods of analyzing such responses nway use cell populations sclected from the

incubator animals i vitro or upon additional transplantation o an experimental animal.
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An Vexperimental antmal” is an animal in which transduced cel types of interest are
transplanted and exogenoas perturbations ave made in order to analyze the effects on or
achieved through the transplanted transduced cell types. Experimental animals and
wansplantation methods may follow any or all of the critenia described for incubator

5 ammals above. For assays in which a gene of interest 15 expressed from HSC celfs are
srducibly expressed, transeriptional and/or rangdational induction may be achieved before,
simultancously with, or after, the exogenous perturhation according 1o well-known methods

b=

i the art described above.

a) Sereening methods
10 One gspect of the present invention relates to methods of selecting agents {e.g.,

nucleie acids, proteins, antibodies, fusion proteins, peptides, or small molecules) which
modulate an imene response. Such methods utilize screening assavs using celf based
assays cither w vitro, ex vive, or i vivo, The term “iowmee response” ncludes T cell

mediamd and/or B cell mediated immunce responses that are nfluenced by modulation of T

L

cell costimulation. Exemplary tomune responses mchide T cell responses, e.g., ovtokine

prodaction, and collular cvtotoxicity. In addition, the wrm immune response includes

innneng responses that are indiveetly effected by T cell activation, eg., antibody production

{humaoral responses) and activation of cytokine responsive cells, e.g., macrophages.

Trmmue responses encompass assays testng astotnumune, allergie, vaccination,

2 immunotolerance, cancer imprunotherapy, vmmune exhaustion, mnumological memory, or

imommological epitope responses. The test agent may be analyzed to determine whether it

mproves 4 response, condition, or symptom of interest. For example, a test agent that
mduces differentiation of cells, such as stem cells or terminally differentiated cells will be
identified as an agent that induces differentiation of cells.

25 in some embodiments, the screening metheds of the present invention are adapted
for high-throughput analysis. For example, methods for preparing a combinatorial fibrary
of molecules that may be twested for a desired activity are well known in the art and inclede,
for example, methods of making a phage display library of peptides, which may be

constrained peptides (see, for example, ULS, Pat. Nos. 3,622,699 and 3,206,347; Scott and

W Smith {1992} Science 249:386-390; and Markland er ol (1991} Gene 109:13-19); a peptide

library {see, for example, U8, Pat. No. 3,264,563); a peptidomimetic Bhwary (see, for

example, Blondele er of (1995} Trondy dnal. Chem. 14:83-92; a nucloie acid hbrary (see,

for examiple, 'Connell et ol {1996} Froc. Natl Avad. Sei. T84, 9358835887, and Tuark

-~ 49 .
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and Gold {19 Seience 249:505-510; Gold ef @, (1993) don. Rev. Blockew. 54763797},
an oligosaccharide lbrary (see, for example, York et ¢f (1996) Card. Res. 285:99-128;
Liang ef ol {1996) Science 274:1520-1322; and Ding er ol {1995) Adv. Rxpr. Med. Biol.

376:261 a?,fi%)}; a iipoprmein ‘library (see, for emmpie, de Knaf et al {1 99(5} FERS Leit.

A Cell Biol 130367-577); or a chenucal lbrary containing, for a:mmph dtuga or nther

pharmaccutical agents (sce, for example, Gordon er gl (19940 Med. Chem. 3713851401
and Ecker and Crooke (1995 BioTechnel 13:351-60).

For a high throughput forms, cedls of interest may be introduced into wells of a
multiwell plate or of & glass shide or nucrochip, and may be contacted with the test agent,
Generally, the cells are organized in an array, particularly an addressable array, such that
robotics convernently may be ased for manipulating the cells and solutions and for
awnitoring the cclls of the nvention, particularly with respect to the fimction being
examined. An advantage of using a high-theoughput format is that a number of test agents
may be examined n parallel, and, if desived, control reactions also may be run under
identical conditions as the tost conditions.  As such, the methods of the present invention
provide a means to screen one, a fow, or a large mumnber of fest agents in order to identify
an agont that may alter a function of desired cells.

In one erabodiment, the invention refates to assays for screening agents that bind to,
or modulate the expression and/or activity of an immune-related biomolecule in the context
of HSC hneage cells expressing a genc of baterest described above. In one enbodirnent, a
method for identifying an agent fo modulate an immune response entails deternuning the
ability of the agent to modulate, e.p. enhance or inhibit, the interaction between inunune-
related biomolecules in the context of HSC hincage cells expressing a gene of fnterest.
Such agents include, without limitation, antibodies, proteins, fusion proteins, small
motecules, and macleic acids.

Modulation of an inmnune response may be determined using standard methods in
the art, including, for exanmyple, {1} mereased ot decreased copy nuntber (e.g., by FISH,
FiSH plus SKY, single-molecule sequencing, e, as descrtbed 1o the avt at least at 1
Biotechnol., 86:289-301, or qPCR), overexpression or vaderexpression of a nucleie acid
{e.g., by ISH, Northem Blot, or gPCR), increased or decreased biomarker protemn (e.g, by
THC) andfor biomarker metabolite, or mercased or decreased activity {determined by, for

example, analyzing modolation of direct protem function or downstream effects thereof; {2}
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its absolute or refatively modulated presence or absence 1 a biclogical sample, g, a
sample containing tissue, whole blood, serum, plasma, buccal scrape, saliva, cerebrospinal
fluid, urine, stool, or bone marrow, from g sabject, e.g. a human; {3} its absolate or
refatively modulated presence or absence in clinical subset of patients such as those having
defined or undefined genetic backgrounds.

For example, methods of evaleating the copy number of a biomarker locus wchude, but are
not hmuted to, hybridization-based assavs. Hybnidization-based assays include, but are not
limited to, tradittonal “direct probe™ methods, such as Southern blots, ir sitie hybridization
e g, FISH and FISH plus SKY}Y methods, and “comparative probe”™ methods, such as
comparative genmnie hybeidization {CGH), e, ¢DNA-based or oligonucleotide-based
CGH. The methods may be used 1n a wide vaniety of formats meluding, but not linuted to,
substrate {¢.g. membrane or glass) bound methods or arrav-based approaches. Other
suitable amplification methods inchsde, but are not limited fo, ligase chain reaction (LCR)
{scc Wu and Wallace (1989} Genomics 4: 560, Landegren, ef af (1988) Science 241177,
and Barvinger ef af. (19903 Gege 890 117}, transcription amphification (Kwoh, e ol (1989}
Froc. Natl. Acad. Soi. US4 860 1173), self-sastained sequence rephication (Guatelli, of ol
(YO0 Proe. Nat. dead, Seil US4 8701874}, dot PCR,, and linker adapter PCR, efe. Loss of
heterozygosity {LOH} and major copy praportion {(MUP) mapping (Wang, 2.0 eraf.
{2004) Carcer Res 6401364271 ; Seymour, A, B, of ol (1994} Cancer Rex 34, 2761-4;
Halu, S AL er ¢ {1993} Cancer Nes 535, 4670-5; Kimara, M., er ol (1996 Genex
Chramosomes Cancer VT, 88-93 Li ef &l , (20083 MBC Bivinform. 9, 204-219) may also be
used to identify regions of amphfication or defetion.

Expression of immune-related biomolecudes may be assessed by any of a wide variety of
well-known methods for detecting expression of 3 transeribed molecule or protein. Non-
Limiting exampies of such methods mehude inmmunclogical methods for detection of
secreted, cel-sarface, cyvtoplasnue, or nuclear proteing, protein punification methods,
protein function or activity assavs, nucleie acid hybridization methods, nuelete acid reverse
transcription methods, and nucleic acid anplification wethods. In preforred embodiments,
activity of a particular gene is characterized by a measure of gene franscript {e.g. mRNA},
by a measuare of the guantity of translated protein, or by a measure of gene product activity.
Marker expression may be monitored in a variety of ways, including by detecting mRNA
levels, protein fevels, or protein activity, any of which miay be measured using standard

techniques. Detection may involve quantification of the level of gene expression {e.g.,
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genomic DNA, ¢cDNA, mRNA, protein, or enzyme activity), o, alternatively, may be a
qualitative assessment of the lovel of gene expression, my particudar in comparison with a
control level. The tvpe of fevel being detected will be clear from the context. Vartous
amplification and detection methods may also be used. For example, 1t 1s within the scope
of the present invention o reverse transcribe mRNA into ¢DNA followed by polymerase
chain reaction {RT-PCRY; or, to use a single enzyme for hoth steps as described in ULS. Pat.
Ne. 5322770, or reverse transeribe mRNA into ¢DNA followed by symmetric gap higase
chain reaction {RT-AGLCR), real ime PCR, NASBA, Q-beta amplification, target-
mediated amphification, ligase chain reaction, self-sustaned sequence replication (85R,
transcription amplification, and the fike, Many fechmiques are knows m the state of the art
for determiming absolute and relative levels of gene expression, commonly used techmigues
suitable for use in the present invention mclude in situy hybridizaton, microarray, chip
array, scrigl analysis of geoe expression {SAGE), Northern analysis, RNase protection
assays (RPA), mucroarrays and PCR-based technigues, such as quantitative PCR and
differential display PCR. For example, Northern blotting mvolves nmming a preparation of
RNA on a denatuwring agarose gel, and transferrmyg i to a suitable support, such as activated
cellulose, mitrocellulose or glass or myvlon mombrances. Radiolabelod ¢cDNA or RNA is then
hybridized to the preparation, washed and analyzed by autoradiography.

The activity or level of an immune-related blomolecude polypeptide may be detected
and/or quantified by detecting or quantifving the expressed polypeptide. The polypeptide
may be detected and guantificd by any of & nsumber of means well knows to thase of skill in
the avt. Aberrant levels of polypeptide expression of the polypeptides encoded by a
bromarker nucleic acid and fanctonally similar homologs thereof, inclading a fragment or
genetic alteration thereof {e.g., in regulatory or promoter regions thereof) are associated
with the likelthood of response of a cancer to an anti-immune checkpoint inhibitor therapy.
Any method known 1 the art for detecting polypeptides may be used. Such methods
inchude, but are not limited to, inmenodiffusion, bnnumoclectrophoresis,
racdiotramunoassay {RI1A), enzyvme-linked ironmunosorbent assavs (ELISAs),
wanunofluorescent assays, Western blotting, binder-ligand assays, invnunchistochemical
techniques, agglutination, complement assavs, high performance hquid chromatography
{HPLOY, thin layer chromatography (TLC), hyperdiffusion chromatography, and the hke
{e.g.. “Basic and Clinical Imnwnology™, Sites and Torr, eds., Appleton and Lange,

Norwalk, Conn. pp 217-262, 1991 which is meorporated by reference). Preferved are
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binder-hgand immunoassay methods inclading reacting antibodies with an epitope or
epitopes and competitively displacing a {abeled polvpeptide or devivative thereof.

In one embodiment, a method for identifying an agent which promwotes an imnwne
response entails deterpuning the ability of the candidate agent to promaote or inhibit the
ieraction of immume-related biomolecale in the context of HSC cells expressing a gene of
piterest,

in another embodiment, g method for Wentifving on agent which inhibits an
inumune response entails determining the abibity of the coandidate agent o promote or
whibit the mierachion of mmune-related bromolecule in the context of HSC cells
expressing a gene of hyferest,

The assays are cell-based assays and may comprise, for example, contacting {a) an
HSC celf expressing a gene of interest, with # test agent and determining the ability of the
test agent to modulate (e.g. stimulate or intubit} the mteraction between imbmme-related
biomolecules {e.g., polvpeptides) of interest. Determining the ability of the polypeptides to
bind to, or interact with, cach other may be accomplished, 2.g., by measuring divect binding
or by moaswring a parameter of immune celf response.

For example, in a diveet binding assay, polypeptides may be coupled with a
radioisotope or enzymatic fabel such that binding of immame-related biomolecules may be
determined by detecting the labeled protein in a complex. For example, the polypeptides
may be labeled with 771, 8, C, or "H, either divectly or indirectly, and the radioisotope
detected by divect counting of radivemission or by scintilation counting. Altceaatively, the
polypeptides may be cnzymatically labeled with, for example, horseradish peroxidase,
atkaline phosphatase, or huciferase, and the enzymanc label detected by determination of
conversion of an appropriate substrate to product.

it is also within the scope of this invention to deternune the ability of a compound to
modulate the interaction between immuone-related biomolecules of interest without the
labeling of any of the mteractants. For example, a microphysiometer way be used to detect
the inferaction of immunc-related biomelecule polvpeptides without the labeling of cither
polvpeptide (McConnel et ol (1992} Science 237:1906-1912), As used horein, a
“mucrophysiometer” (e, Cvtosensor) is an analyteal mstrument that measures the rate at
which a cell acidifies iy environment using a light-addressable potentiometric sensor
(LAPS). Changes in this acidification rate may be used as an mdicator of the interaction

between compound and receptor.



WO 2015/183885 PCT/US2015/032573

In a preferred embodiment, deternuning the abality of the test agents {e.g. nucleic
acids, polypeptides, antibodies, fusion proteins, peptides, or small molecules) to antagonize
the interaction between a given sct of inmmone-refated biomelecules may be accomplished
by determining the activity of one or more members of a set of inmume-related bromolecule

5 polypeptides. For example, the activity of polypeptides may be determined by detecting
srduction of a cellular second messenger {e.g., tyrosine kinase activity}, detecting
catalytic/enzymatic activity of an appropriate substrate, detecting the induction of a reparter
gene (conmprising a target-responsive regulatory element operatively linked to a mucleic acid
encoding a detectable marker, e g, chloramphemicol acety! transferase), or detecting a

10 cellular response regulated by the polypeptides, such as variows awtoimmune, allergic (eg.,

gic conjunctiviiis, pollen allergy, food allergy, cte ),

biot

asthma, atopic dermatitis, aller
vaccination, immunotolerance, cancer inmwnunotherapy, ianane exhaustion, mununological
memory, or invmatological epitope responses. Determaunng the ability of the test agent to

bind to or iteract with said polypeptide may be accomplished, for example, by measuring

L

the abihity of a compound to modulate mmnme cell costimulation or mhibition n a
proliferation assay, or by ingerfering with the ability of said polypeptide to bind to
antibodies that recognize a portion thereofl
Test apents that inhibit immung responses may be identified by their ability to

inhibit immune celf prohferation, and/or effector function, or o induce anergy, clonal
A deletion, andfor exhaostion when added to an assay. For example, cells may be coltared in
the presence of an agent that stwoulates sigaal transduction vig an activating receptor. A
number of recognized readouts of cell activation may be employed to measwre cell
profiferation or effector function (e.g., antibody production, cytoking production,
phagocyiosis) in the presence of the activating agent. The ability of a test agent to block
25 this activation may be readily defermined by measuring the ability of the agent to effect a

decrease in proliferation or effector function being measured, using techniques known

the art.

For examyple, agents of this invention may be tested for the ability to iwhibit or

crihance costimgation in g T cell assay, as deseribed mn Frooman er of. {2000) S Fxp. Med.
W 192:HR2T and Latchman ef o, Q00D Nae fpmamol. 2,261, HSC cells expressing a gene of
nterest may be CD4+ T cells or, alternatively, CD4+ T cells may be isolated from human
PBMCs and stimudated with activating anti-CD3 antibody. Proliferation of T cells may be

measwred by "H thymidine incorporation. An assay may be performed with or without
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CD2E costimulation in the agsay. Silar assays may be performed with hakat T cells and
PHA-blasts from PBMCs.

Alternatively, agents of the present invention may be tested for the ability to
modulate cellular production of eytokines which are produced by or whose production is
enhanced or ntubited in immune cells i response to impne response modalation. For
exampie, HSC cells expressing a gene of interest may be suboptiraally stondated in vitre
with g primary activation signal, For example, T cells may be stimulated with phorbol
ester, anti-CD3 antibody or preferably antigen m assoctation with an MHC class i
molecude, and given a costimulatory signal, ¢ g., by a stimudatory form of B7 family
anbigen, for mstance by a cell ranstected with nuclete acid encoding a B7 polvpeptide and
expressing the peptide on 1ts surface or by a soluble, stimudatory form of the pepnde.
Known oytokines released into the media may be identified by ELISA or by the ability of
an antibody which blocks the cyviokine to whibit romunce cell prodifesation or proliforation
of other cell types that s mduced by the eytokine. For example, an {L-4 ELISA kit s
avalable from Genzyme (Cambridge MA), as 1s an 1L-7 blocking antibody. Blocking
antibodies against IL-9 and {1.-12 are available from Genetics Institate (Cambridge, MAL
The effect of stimulating or blocking the interaction of immunc-related biomolecides on the
gviokine profile may then be determined. To identify eyviokines which may play a role the
induction of tolerance, an i vigro T cell costimulation assay as described above way be
ased. Inthis case, T cells would be given the primary activation signal and contacted with
a selected cytokine, but would vot be given the costinnulatory signal. After washing and
resting the immune cells, the cells would be rechallenged with both a primary activation
signal and a costnusdatory stgnal. I the immune cells do not respond feg, prohiferate or
produce eytokines) they have becone tolerized and the cviokine has not prevented the
mduction of tolerance. However, if the invvune cells respond, induction of tolerance has
been prevented by the oytokine. Those oytokines which are capable of preventing the
mduction of tolerance may be targeted for blockage & vive i conjunction with reagents
which hiock B lvmphocoyte antigens as a move officiont means to induce tolerance in
transplant recipienis or subjects with automunune diseases.

In one or more embodiments of the above deseribed assay methods, it may he
desivable to immobilize cithor polypeptides o facilitate separation of complexed from
unconplexed forms of one or both of the proteins, as well as to accommodate aomation

of the assay. Binding of a test compound to a polvpeptide, nay be accomplished in any

b
“
LAy

1



WO 2015/183885 PCT/US2015/032573

vessel suitable for contaming the reactants. Examples of such vessels mclade microtiter
plates, test tubes, and micro~centrifuge tubes. In one embodinent, a fusion protein may be
provided which adds a domain that allows one or both of the proteins to be bound to a
matrix. For example, glutathione-S-transferase/immune-related polypeptide fusion
5 proteins, or glotathione-S-transferase/target fusion protems, nay be adsorbed onto
glutathione sepharose beads {(Stgroa Chemical, St. Louis, MO) or glutathione derivatized
microtiter plates, which are then combined with the test compound, and the nuxiure
ncubated under conditions conducive to complex formation {e.g., at physiological
condittons for salt and pH). Following ncubation, the heads or microtiter plate wells are
0 washed to remove any unbound components, the matrix immohilized in the case of beads,
complex determined either directly or indirectly, for example, as described above.
Alternatively, the complexes may be dissociated frons the matnx, and the level of
polypeptide binding or activity determined using standard fechimques.

In an altiernative embodiment, determining the ability of the test compound 1o

L

modulate the activity of an immune-related polypeptide of interest may be accomplished as
deseribed above for coll-based assays, such as by determining the ability of the test
compound fo modelate the activity of a polvpeptide that functions downstream of the
polypeptide. For exampie, levelds of second messengers may be detormined, the activity of
the nteractor polypeptide on an appropriate target may be determained, or the binding of the
A bteractor to an appropriate target may be determined as previously deseribed.

n sorme ombodiments, determination as to medalation of an nununc-related
mdication of interest may be made in comparison to a control. The term “control” refors to
any reference standard soitable to provide a comparison to the expression products in the
test sample. In one embodiment, the control comprises obtaining a “control sample” from
25 which expression product levels are detected and compared to the expression product levels

from the test sample. Such a control sample miay comprise any switable sample, ncluding
bat not timited 0 a sample from a control cancer patient {can he stored sample or previoas
sanple nicasurement) with a known outcome; normal tissue or coils isolated from a subject,
such as a normal patient or the cancer patient, cultured primary cells/tissucs isolated from a
W subject such as a normal subject or the cancer patient, adjacent normal cells/tissues obtained
from the same organ or body location of the cancer paticnt, a tissae or cell sample 1solated
fronn a normal subject, or a primary cellsftissues obtaned from a depository. In another

preferred embodiment, the control may comprise a reference standard expression product
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{evel from any sutable souree, including but not hinsted o hoasekeeping genes, an
expression prodact fevel range from normal tssue {or other previously analyzed control
sample), a previously determined expression product level range within a test sample from
a group of patients, or a set of patients with a certain outcome {for example, survival for
5 one, two, three, fowr years, ete.} or receiving a certain treatment {for example, standard of
care cancer therapy). It will be understood by those of skill in the art that such control
samples and reference standard expression product levels may be used in combmation gs
controls m the methods of the present mvention. In one embodiment, the control may
comprise normal or non-cancerous cellftissue sample. In another preferred embodiment, the
16 costrol may comprise an expression level for a set of patients, such as a set of cancer
patients, or for a set of cancer patients receiving a certain treatment, or for a set of patients
with one ogtcome versas another outeome. In the former case, the specific expression
prodhect fevel of cach paticnt may be assigned to a percentile lovel of expression, or

expressed as either higher or lower than the mean or average of the reference standard

L

expression level. In another preforred embodiment, the control may comprise normal cells,
cells from paticnts treated with combination chemotherapy, and celfs from patients having
bemten cancer. In ancther embodiment, the control may also comprise a measared vahuwe for
cxample, average level of expression of a particular gene in a population compared to the
level of expression of a housckeeping gene in the same population. Such a population may
A comprise normal subjects, cancer patients who have not andergone any freatment (Le.,
goatient paive), caneer patients wndergoing standard of care therapy, or patients having
benign cancer. In another preferred embodinent, the control comprises a ratio
transformation of expression product levels, including but not Hmited 1o deternuning a ratio
of expression prodact fovels of two genes in the test sample and comparing it fo any
25 suitable ratio of the same two genes m a reference standard; determining expression product
levels of the two or more genes in the fest sample and determining a difference in
expression product levels in any suitable control; and determiming expression product levels
of the two or more genes i the test sample, normalizing their expression © expression of
housckeeping genes in the test sample, and comparing to any sifable contrel. In
W panticularly preforred embodiments, the control comprises a control sample which is of the
same lingage andfor type as the test sample. {n another embodiment, the control may
comprise expression product levels grouped as percentiles within or based on a set of

patient samples, such as alf patients with cancer. In one embodiment a control expression
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product tevel is established whercin higher or lower fevels of expression product relative to,
for instance, a particular percentile, ave used as the basis for predicting outcome.  In another
preferred embodiment, a control expression product level is established using expression
product levels from cancer control patients with & known outeome, and the expression
5 product levels from the test sample are compared to the control expression product level as
the basis for predicting ostcome. As demonstrated by the data below, the methods of the
mvention are not limied to use of a specific cut-point in comparing the level of expression
product i the test sample to the control,
Ax deseribed above, contrel and experimental assavs may invalve the use of
10 samples. The term “sample”™ used for detecting or defermining the presence or level of at
least one biomarker 15 typically whole blood, plasma, serum, saliva, urine, stool {e.g.,
feces}, tears, and any other bodily fluid {e.g., as described above under the definition of

.«

“body flaids™), or a tissue sample (e g, blopsy) such as a sewll iniestine, colon sanple, or

surgical reseetion tissue.  In certain instances, the method of the present mvention further

L

comprises obtaiming the sample from the individual prior fo detecting or deterpuning the

amount or expression of at least one marker in the sample. Samples are typically from a

diseased tissue, such as cancer cells or tissues. The contrel sanyie may be from the same

subject or from a different subject. The controf sample 15 typically a normal, non-discased

sample. However, in some embodiments, such as for staging of disease or for e\:'a.hjating

A the efficacy of treatment, the control sample may be from a diseased tissue. The control
sample may be a combination of samples from several differont subjeets.

Comparison to a controf may distinguish between the “normal”™ level of expression
or activity of an inunune~related biomarker and that whuch is modulated. An “over-
expression” or “significantly hugher level” of expression or activity refors fo an expression

25 level in a tost sample that s greater than the standard covor of the assay employed fo assess
expression, and is preforably at least twice, and more preferably 2.1, 22,23, 24, 2.5 2.6,
2.7,2.8,2.9. 3,354 45 5,55,6,65, 7,75, 8, 859,95 10, LS 11, 12,13, 14, 15,
16, 17, 18, 19, 20 times or more higher than the cxprossion activity or level #ix a control
sample and preferably, the average expression level of the biomarker in several controd

30 samples. A Usignificantly fower level™ of expression or activity refers o an expression

level or activity in a tost samyple that is at least twice, and more preferably 2.1, 2.2, 23, 2.4,
26,27, 28,29 3,35 4,45 5 5586,65 7, 75 8 85,995 10,105, 11,12, 13,

14, 15, 16, 17,18, 19, 20 times or more fower than the expression level or activity in g
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control sample and preferably, the average expression level of the hlomarker i several
control samples.
This wvention further pertains to novel agents identified by the above-described

sereening assays. Accordingly, 1tis within the scope of this nvention to further use an

5§ agent identified as deseribed herem in an appropriate animal model. For example, an agent
identificd as deseribed herein may be used in an antmal medel to determine the efficacy,
toxicity, or side effects of treatment with such an agent. Alternatively, an agent identified
as desertbed herein may be used in an animal model o determine the mechanism of action
of such an agent. Furthermore, this mvention pertains 1o uses of novel agents idenufied by

16 the above-deseribed sereeming assays for treatments as deseribed herein

b} Therapeatic methods
i one aspeet, the prosent wvention provides a method for modulating or preventing

n a subject, a disease or condition associated with an wnwanted or undesirable inwmime

L

responses, such as overactive or underactive imonme responses. In another aspect, the
prosent ipvention provides a method for preventing in a subject, a discase or condition
associated with an anwanted or less than desirable imonme response. The term “subject”
refors to ay any healthy ammal, such as a mammal or human; &) any animal, such as a
manmal or eman, afflicted with a omume-related disorder of inferest; or ¢ any anioal ag
A described above from which HSC cells expressing a gene of interest is expressed are
expressed. Subjocts af risk for a discase that would benefit from treatmweat with the claimed
agents or methods may be identified, for example, by any or a combmation of dlagnostic or
prognostie assays known in the art. Admimstration of a prophylactic agent may ocear prior
to the manifestation of symptoms assoctated with an unwanted or less than desirable
25 immune response. The appropriate agent used for treatment {e.g. antibodies, peptides,
fusion protens or small molecufes) may be determined based on climcal indications and
may he identified, e.g., nsing screeming assays described beren.
Ancthet aspect of the invention pertains to thevapeutic methods of modulating an
Enung response, &g, by moduiating the interaction between iimnwnce-related
W biomolecules a) within an HSC exprossing a gone of mterest, b between such an HSC and
another cell, or o) between cells other than the HSC expressing a gene of intercst. Withowt
heing bound by theory, i is belicved that engineered HSC expressing a gene of inferest

described berein faithfully reproduce in vivo~generated, normal HSC Haneage cells to
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thereby produce more physiologically relevant responses relative 1o other methods of HSC
cell engineering.
Modulatory methods of the present invention involve contacting a cclt andfor an
HSC expressing a gene of mierest with an agent that modulates the interaction betyween
5 bonwme-rclated biomoleceles. Exemplary agents that modalate the interaction between
ame-related biomolecules have been deseribed above, For example, an agent that
modulates inmune-related biomolecule polypeptide activity includes a nuclerc acid ora
protein molecule, & naturally-occurring target molecule of the immune-related biomolecule
profein, an anti-immune-related biomelecule protein antibody, immme-related
10 biomwlecule protein agonists or antagomisits (e.g., antisense mucleic acid moleade, triplex
oligonucleotde, and ribozymes), a peptidomimetic of an impwme-related biomolecule
protein agonist or antagonist, nucleic acid agonists or antagomists of immune-related
binmolecule protein cxpression or activity, or other small moleaude.

These modulatory agents may be adwinstered in vitro or ex vivo {e.g., by

L

contacting the coll with the agent) or, alternatively, & vive (e g, by adnunistering the agent
to & sufyject). As such, the present invention relates to methods of treating an individual
affhicted with a disease or disorder that would benefit from modulation of an anmune
FESPORSC.
There are numerous embodiments of the invention for downregulating iumune
A respounses. Downregulation may be in the form of mbubiting or blocking an inmane
respomsse alrcady i progress, or may wvolve proventing the induction of an innmew
response. The functions of activated tmnume colls may be intubited by down-regelating
inwmane celf responses, or by inducing specific anergy n e cells, or both.
It one embodiment of the nvestion, tolerance is induced against specific antigens
25 by co-admunstening an antigen with an agent {e.g antibody, peptide, fusion protein, or
small molecule) that modulates the interaction between immune-related polypepides. For
example, tolerance may be indaced o specific proteins. In one embodiment, inpnune
responses to allergens {e.g., food allergens), or to foreign protetiss to which an imane
response is undesirable, may be mhibited. In simular manners, reduced clonal deletion
W andior increased exhaustion (g, T cell exhaustion) may be induced.
In another cmbodiment, freatment methods may further ase combinations of
additional agents. For example, agents that block an activity of costimulatory pathways,

such as that of other B Tymphoeyte antigen fike B7-1, B7.2, or B7-3) may be used to further

- 6l -
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downmodulate immune responses. Two separate agents that dowmmodudate tmume
responses may be combined as a single composition or adniinistered sepavately
{simdiancousty or sequentiallyy to more cffectively downregdate imonme cell mediated
fmune responses i a subject. Furthermore, a therapeutically active amount of one or
5 more of the sabject agents, may be used i conjunction with other downmodulating
reagents to mfluence wwmae responses. Examples of other immmomodulating reagenis
mnclude, without limitation, antibodies that block a costimuilatory stgnal, {e.g., against CD28
or ICON), antibodies that act as agonists of CTLAY, andior antsbodies against other mvmune
cell markers (g, aganst UD40, against CD40 Ligand, or agamst eyviokines), fusion
10 protems (eg, CTLAS-FO), and wmmunosuppressive drugs, {e.g., rapamyein, evelosporing A
or FRS06).
Downregulating immune responses 1s usefid for treating a namber of conditions,
e.g., i situations of tissue, skin and organ transplantation, it grafi-versus-host discase

{GVHD), or in autoinwoune discgses such as systenuc tapus eryvthomatosus, nuliiple

L

sclerosis, allergy, a transplant, hypersensitivity response, a disorder requining ingreased
CDd+ T cell production oy fanction, a disorder requiring ingwroved vaccination efficicency, a
disorder requiring iereased regulatory T ccll production or function, and a disorder
requiring improved vaccination efficiency. For example, blockage of imomune cell function
results n reduced tissue destruction in tissue transplantation. Typically, i tissue
A wansplants, rejection of the transplant is iunated through its recognition as foreign by
e ecils, followed by an iswoune reaction that destroys the transplant, The
admindstration of an agent deseribed herein prior to or at the time of transplantation may
proniote the gencration of an inhibitory signal. Moreover, intubition may also be sefficient
to ancrgize the immane cells, thereby inducing folerance 1 a subject. Induction of fong-
25 term tolerance avolds the necessity of repeated administration of these blocking reagents.
Downmodulation of immune responses are also useful in treating mustoinwoune
disease. Many astoinunene disorders are the result of inappropriate activation of imnuse
cells that are reactive agamst seif-tissue and which promete the production of cviokines and
autoanttbodios involved i the pathology of the discases. Proventing the activation of
W autoreactive immune colls may reduce or eliminate disease symptoms,  Administration of
agents deseribed herein are asefid for proventing the generating of autoantibodies or
cytokines which may be nvolved in the discase process. Additionally, ageuts that promoie

an inhibitory function mediated by the interaction between inwmune-related hiomolecules of

-6} -
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mterest may induce antigen-specific wlerance of awtoreactive umune cells, which conld
fead to long-term relief from the discase. The efficacy of reagents in preventing or
alleviating agoimame disorders may be deterpuined using 3 number of well-characterized
ammal models of human autommmune diseases. Exanples include murine experimental
5 autoimnpumne encephaliig, systemice lupas erythematosus in MRLprdpr mice ovr NZB
hybnid mice, murine autotmmune codlagen arthntis, diabetes mellitus in NOD mice and BB
rats, and munne experimental nyvasthenia gravis (see, ez, Paul ed., Fundamental
Immunalogy, Raven Press, New York, Third Edition 1993, chapter 30).
Intubition of imoume cell activation 15 also useful therapeutically w the treatment
16 of gHlergy and allergic reactions, e.g., by inlubiting Igk prodection. Allergic reactions may
be systenyie or tocal i nature, depending on the route of entry of the allergen and the
pattern of deposition of IgE on st cells or basophils. Thus, inlubition of e cell
mediated allergic responses {e.g., to food) locally v systemically by adimnistration of an
agent described herein that promotes gn mhibitory function mediated by mmune-related

biomolecules of interest.

L

Inhibition of smmune cell activation may also be important therapeatically in
parasitic and viral infections of imomme cclls. For example, in the acquired imomme
defictency syndrome {AIDS), viral replication is stimulated by immune coll activation.
Muodulation of these interactons may result in inhibiton of viral repheation and thereby
A ameliorate the course of AIDS. Modelation of these interactions may also be usefel in
promoting the maindenance of pregnancy. Fomales at visk for spontancous abortion {e.g.
those who have previously had a spontancous abortion or those who have had difficulty
conceiving) because of inununologic rejection of the embryo or fetus may be treated with
agents that modulate these inferactions.

25 Downregulation of an ipunune response by modulating the mieraction between
tromume-related bromolecules of interest may also be useful n eating an awtommmone
attack of autologous tissues. 1t is therefore within the scope of the invention to modelate
conglitions exacerbated by autoinmumme attack, such as autotnniene disorders, gs well as
conglitions such as heart disease, nwvocardial infarction, and atherosclerosis.

Y In other embodiments, agents deseribed herein may also be used to upregulate
inunang responses. 1o one embodiment, blockage of the interaction betwesn immang-
related biomolecules of interest resudts in ypregulation of an imaune response.

Upregulation of immune responses may be 1 the form of enhancing an existing mmune

62 .
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response or eliciting an imtal immune response. For instance, enhancing an imnuse
response nsing the subject compositions and methods is usefol i treating cancer, an
mnfections disease (e g, bacteria, viruses, or parasites), a parasitic infection, asthima
assocutted with impatred amrway tolerance, o neurological disease, and an
immunosuppressive disease.

Exemplary infectious disorders inchede viral skin diseases, such as Herpes or
shingles, m which case such an agent may be delivered topically to the skin, In addition,
systenuie vival diseascs, such as influenza, the common cold, and encephalitis might be

agents

A80
ped

alleviated by systomic adbunistration of such agenis. In one preforred embodiment, ¢
that wpregudate the inmmane response described herem are usefl for nwdulating the
arginase/INOS balance during Trypanosoma erei infection i order to facilitate a
profective e response against the parasite,

Alterpatively, mymune responses may be enhanced in an infected patient through an

ex vivo approach, for mstance, by removing imnwme eclis from the paticnt, contacting
numune cells in vigre with an agent that modulate the interaction between mmmune-related
biomoelecules of interest and reintroducing the 2 vigro stimulated immanc cells into the
pationt.

In cortain mstances, it may be desirable to fwrther adpunister other agents that
apregulate immune responses, for example, forms of other B7 family members that
wansdece signals via costinulatory receptors, in order to forther augment the inumane
FCSPORSE.

Agents that upregulate an invnenc response may be used prophylactically in
vaceines agamst various polypeptides {e.g., polypeptides dertved from pathogens).
Ieunify agamnst a pathogen (g, 3 virus) may be induced by vacoinating with a viral
protein along with an agent that upregulates an IDuNUNS response, In an appropriate
adjuvant.

in another embodiment, upreguiation or enhanceent of an iwnane response
function, as described herem, 1s useful m the induction of tumor ety

{n another embodiment, the imiune response may be stimulated by the methods
desertbed herein, such that preexisting tolerance, clonal deletion, andfor exhaustion (e g, T
coll exhaustion) s overcome. For example, mmune responses against antigens to which a
subject cannot mount a significant inmune response, e.g., 10 an autologous andigen, such as

@ tumor specific antigens may be induced by adnunistering appropriate agents described
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herein that upregulate the e response. In one embodiment, an autologous antigen,
such ag a tumor-specific antigen, may be coadnunistered. {n another embodiment, an
imene response may be stimelated against an antigen {e. g, an autologous antigen) to treat
a newrological disorder. In another embodiment, the subject agents may be used as
5 adjevants to hoost responses to foretgn antigens in the process of active immwnzation,
in one embodiment, inunune cells are obtained from 3 subject and cultuwred ex vive
in the presence of an agent as described herem, to expand the population of imnwune cells
anddor to enhance immune cell activation. In a further embodiment the smmmune cells are
then adounistered 1o a subject. Tnvwane cells may be stinmdated i vitro by, for example,
16 providing to the inunane cells g primary activation signal and a costimalatory signal, as 18
known in the art. Various agents may also be used to costinulate proliferation of mmpwumne
cells. In one embodiment immane cells are ewltwred v vive according to the method
described i PCT Apphication No, WO 9429436, The costimulatory polypeptide may be

soluble, attached to a cell membrane, or attached to a solid surface, such as a bead.

L

in still another embodiment, agents described heretn uscid for upregulating
inumeng responses may father be linked, or operatively attached, to toxins using technigues
that are known in the art, ez, crosslinking or via recomiinant DNA techmiques. Sach
agents may resubt in cellular destruction of desired cells. In one embodiment, a toxin may
be conjugated to an antibody, such as a bispecific anubody. Such antibodies are usefud for
A argeting a specific cell population, e.g., asing a marker found only on a certain type of cell
The preparation of intumetoxins is, in general, well known in the art (see, eg., LS. Pat.
Nos. 4,340,535, and EP 44167). Numerous types of disulfide-bond containing hinkers are
known which may suecessfully be enployed to conjugate the toxin moiety with a
polypeptide. In one embodiment, linkers that contain a diselide bond that is sterically
25 “hmdered” are preforred, duc fo their greater stability i vwivo, thus preventing melease of the
toxin motety prior to binding af the site of action. A wide variety of toxans are known that
may he comugated to polypeptides or antibodies of the fmvention. Examples include:
numerous uscful plant-, fungus- or oven bacteria-denived toxins, which, by way of example,
mohude various A chawn toxing, particulardy ricin A chain, nbosome mactivating profomns
3} such as saporin or gelony, a~sarcin, aspergitling restrictocin, nbonucleases, such as
placental ribomuclease, anglogenic, diphtheria toxin, and Pseudomongs exotosis, ete. A
preferred toxin modety for use in connection with the mvention is toxin A chain which has

been treated to modify or remove carbohydrate residues, deglveosylated A chain, (LLS,

“6d .
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Patent 5,776,427}, Infusion of one or & combmnation of such cyvtotoxic agents, {eg., ricin
fusions} into a patient may result in the death of mmune cells.
The terms “therapeutic response” or “therapeatic responsiveness” referto a
beneficial endpomt attained when exposed to a stinmdus, such as an immunomodulatory
5 respouse sufficient to modudate a target inmmune response. The terms may also refer to an
improved progoosis, for example, as reflected by an increased time fo cancer recurrence,
which s the pertod to first recurrence censoring for second primary cancer as a first ovent
or death without evidence of recurrence, or an mereased overall survival, which s the
periad from treatment o death from any cause. Allematively, a negative or detrimental
10 sympiom is mimnized, mitigated or attenvated on exposure to a stimulus. It will be
appreciated that evaluating the likehhood that 3 numor or subject will exlubit a favorable
response 1s equivalent to evaluating the tikebhood that the tamor or sabject will not exhubit
favorable response (Le., will exhibit a lack of response or be non-responsivel.

The amount of cells needed for achieving a therapeutic effect may be determined

L

empirically in accordance with conventional procedures for the particular purpose.
Generally, for admmistering cells for therapeutic purposes, the colls are given ata
pharmracologically effective dose. By “pharmacologically offective amount™ or
“pharmacologically effective dose™ is an amount sufficient to produce the desired
physiofogical effect or amownt capable of achieving the destred result. Therapeutic benefit
A also mcludes halung or slowing the progression of the underlying disease or disorder,
regardless of whether improvement is realized. Pharmacologically effective dose, as
defined above, will also apply to therapeutic agents deseribed herein used cither alone or in
combination with the cells. Effective doses of such therapeutic agents are well known i
the art and may be determined by the ordinarily skilled artisan based on standard critena,
25 such as regulatory information, age, weight, state of health of the patient, and the nature
and the severity of the indication. Suntable dosage ranges can vary according to these
consideranions. Moreover, the mode of administration may vary depending on such factors
as well. Agents, including cells, may be introduced to the desired site by divect injection, or
by any other means ased mn the art ncludimg, but are not limited to, miravascular,
W imtracerchral, paremteral, mraperitoneal, intravenous, epidural, intraspinal, intrastomal,
wtra-articelar, mtra-synovial, intrathecal, intra-arterial, mtracardiac, or mtramusaday

admunistration,
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This mvention is Rarther illustrated by the following examples, which should not be

construcd as hinmiting.

Example 1: Materials and Methods for Examples 2.7

P14 TCR Tg nuee were used as described in Pocher e of. (1989) Nafre 342:5359-
Sei. Wild type CSTBLAGL, LS 1 {CD45.1), and Thyl. ] mice were purchased from Jackson
Laboratorics {Bar Harbor, ME). All mice were used according fo the Harvard Medical
School Standimg Commitice on Animals and National Institutes of Animal Healtheare
Gluidelines. Animal protocols were approved by the Harvard Medical School Standing

{Clonunittee on Animals.

B. Generation of bone marrow chimeras

Bone marrow was isolated and red blood cells lvsed using ACK bysis buffer
{Gibeo). LSK cells were enriched using anti-CD117 nuerobeads (Miltenyi Biotech) and
then sorted wsing a BD FACSAra® ovtometer. Sorted cells were plated overmght in
StemSpan SFEM medium (StemCell Technologses) with 100 pp/mi SCF, TPO, 1L-7, Fi31
{PeproTech). Cells were then spin-infected with lentiviral supematants at 630 x g for 90
min. at 37°C on non-treated plates that had been coated overnight at 4°C with 100 pg'ond
RetroNectin (Takara Bin). Fresh medium was added after 1 b and cells were rested
overnight. Viral stocks were titrated to enswre the majority of cells were infected with a
single virus, The cells were then washed in PBS {Gibeo) and 50,000 cells were injected
wtravenously in recipient suce that have been radiated with 2 doses of 600 oGy, 3 hours

apatt.

C. Lentivirus production

2937 cells were seeded in DMEM with 10% FBR. The following day, the cells

were fransfected with shRNA constract pLKOLT or IxLact) {available from Sigma-Aldvich
as “"MISSIONE 1X LacO Inducible™) with Pax2 (gag, pol) and VSV-G plasoids using
TransIT-LT1 {(Mirus Bio) or ExGen 300 {Thermeo Scientific Fermentas), Viral supernatanis

were collected 48-72 hrs. Iater,

- 6y ~
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3. I viten knockdown of GEP

A stable GFP-expressing Jurkat celf Hine was constructed by cloning GFP cells
following transduction with PGK-eGFP lentiviras, GFP-Jurkat cells wore transdyced with
shRNA targenng GFP under a constitutive (pLKO.1) or inducible {1xLacQ) promoters.
Varying doses of dioxane-free IPTG (Promega) were added at the indicated concentrations

and durations.

E. T cell ransfors and infections

CDR™ T cells from bone marrow chimeric aninals wore isolated using the CDS™ T
cell isolation kit 1 for magnetic separation {Miltenyi Biotech) and then GFP™ DR
congenie cells were sorted using BD FACSAria eytometer, P14 CDR™T cells (10° - 10°
collianmmal) were mjected in recipiont mice infravenously (1.v.), which were subsequently
infected intraperitoneally (ip.) with 2 x 10° p.fa. LOMV Anmstrong. For inflacnza
infections, the mice were anesthetized with 2.5% Avertin and infected with 0.5 LDg HINY
Influenza vinus (PRSYY, enginecred fo express GPuas poptide of BOMV (PRE-GP3I3) 351,
infranasally. Both viruses were a generous gift of D B, Jolm Whernry (University of

Pemasylvania School of Medicine, Phifadelphia, PA).

F. Flow eviometry and eell sosting

spleen or bone marrow tissue was harvested, homogenized inti single coll
suspension, and resuspended in staming buffer {2 mM EDTA and 1% FBS in PBS; Gibeo)
together with combinations of the following antibodies: antg-CD8a {53-6.7), anti-CD4
{RM4-3), anti-B220 (RA3-6B2), anti-CD1 b (MI70), ant-CD1 e (N418), anti-CD44
{IM7Y, ant-CD62L (MEL-14), anti-CD45. 1 (A20), anti-CD43.2 (104}, anti-Thy 11 {OX-7),
anti~Thy 1.2 (30-H12), anti-CD25 (PC6T), anti-CD122 (TM-R1), anti-CD127 (A7R34), anti-
CXCRI (CRCRI173) (all BioLegend), and anti-Ki-67 (B56, BD Biosciences). Poly-
caspase activity was detected asing FLICA Vybrant-FAM Assay Kit {Life Technologies).

To assess T cell proliferation, mice were injected with 2 mg BedU {p. 16 hes. prioy
to analysis and BrdlUl incorporation was detected using the FITC Brdl Flow Kit (BD
Pharmingen). LSK cells were sorted from CD117-enriched bone marrow celfs stained with
CDI7 (ACK2), Sca-1 (D7) and hincage antibody cockiail which ncluded biotin iabeled
anti-CD3S {53-7 3}, anti~Gr {RBO-RCS), anti-B220 (RA3-6B), anti-CD3e (145-2C11),
anti-CD1Ib (MI7T70), anti-Ter-119 (Ter-119). Data were acquired using LSR I or Aceun

C6 (BD Biosciences) cyiometers and analyvzed with Flowlo software (v9.7.2, TreeStar).
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. shRNA construct sencration

Target sequences of the shRNA used include: shBatf 1
{CCOCAAAGAGATCAAACAGUT), shBath 2 {CTGGACAAGTATTGAACACAA),
shBatf 3 (GAGCTCAAGTACTTCACATCA), shlLacZ
(CCOGTCATAGCGATAACGAGTT), shRFP (GCTTCAAGTGGGAGCGCGETGA), shGFP
{ACAACAGCCACAACGTUTATA)Y. Cloniag methods were performed according to
standard methods available on the World Wide Web at broadinstitute. org/raai publicd.
Briefly, complementary ohigos {(1DT) were annealed and Heated into Agel and EcoRl
digested pLKO. and DxdacO (all obtatned from The RNAT Consortium, Broad Instinge).
All higated coustructs were sequence vertfied for the presence of the correct shRNA by

Sanger sequenging.

Example 2:  Lentivivas-transduced stem cells veconstitute blood invmune lineages
and give rise to effector UDS effector T cells with unaltered functionality

Resting T cells are refractory to lentiviral transduction, but hematopoietic stent cells
{HSC) are readily transduced. Thus, bone marrow chimeric anbmals were generated osing
transdoced HSCs inwhich the hematopoietic lineages (ncluding T cells) would be
reconstituted with transduced cells (Figure 1A). Lineage /o-kit fsca-17 (L.SK} cells (which
nclude HSC and muitipotent progenitors) were isolated from the bone marrow of P14 TCR
transgenic mice tn which all CDR™ T cells express a TCR specific for LOMY GPay
peptide presented on H-2Db (Figare LA}, The cells were transduced with a lentivirus
carrving a GFP expression cassetie so that the fate of transduced cells coudd be tracked.
Congenic markers were used to distinguish transplanted cells fromurecipient cells in bone
marrow chimeras,

in order to first test whether lentivires-transduaced LSK cells could be used to
generate fully functional CDS™ T cells, the LK cells were transduced with lentivirus
encoding GFP and the wansduced cells were transplanted into lethally irradiated amimals
(50,000 cellsfanmal). Following reconstitution {8-12 woeks lator), aualysis of niajor
lineages in the inunune system showed that the frequency of GFP™ B cells (B2207), (D47
and CDR T cells, dendritie cells (CD11e), and monocytes {CDTILY was sintlar to that of
the LSK mocutam (Figure 1B), indicating efficient engraftment of ransduced cells. T, B
and mycloid hncages developed from transplanted GFP {transduced) and GFP™

{untransduced)} LYK with cqual cfficiency (Figure 1C).

- 68 ~
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Effector CD8™ T cell fumction of maive CDE" T cells derived from transplanted
gransduced and untansduced LSK cells were assessed. Equal rattog of GFP™ and GFP™
naive P14 CDS™ T cells were transferred to naive wild-type recipients (10,000 cells‘animal)
and the recipients were nfected with PRR-GP33 mftuenza (Figure 1D, Equal expansion
and persistence of GEP and GFP effector CDR™ T cells at 10 days after infection was
found. Thas, lentiviral Gansdection of LSK does not tmpair the development of tyraphoid
and myveloid lincages following transplant or alter effector CDR™ T cell proliferative

capacity following transfer of naive GFP™ CD8 T cells.

Example 3;:  Naive T cells that develop from transduced LSK are indistinguishable
from wild-type naive T cells

¥t was examined whether naive CDR™ T cells that developed from transduced LSK

cells showed any alteration of surface phenotype, proliferation status, or gence expression
that might obscure analysis of carly differentiation events. Naive CDE T cells from

transduced LSK cells were compared with wild-tvpe P14 CDY™ T cells, and, as controls,
P14 CDR™ T cells cudtwred in conditions used in previous studies to facilitate direct viral
transcuction of T cells wore also studicd (Joshi ef ol (2007 Tomnity 27:281-295, Yang &
af Q27 Exp Med 200:1655-1676G; Arakr ¢f of. (20003 Nagere 4600 108-112; Zhou ef el
{2014} Nature 506:52-57).

Naive T cells can be identified by expression of CD62ZL and lack of CD44
expression. The proportion of naive {CD62L" CD447Y, central memory {CD62LT CD44 ),
and effector memory ({CD62L7 CD447) states was similar in the GFP naive CD8™ T eells
and the av vive P14 stimulation, but differed in other stimulation conditions, particalarly
with evtokine treatraent {Figure 2A). The expression of genes charactenistic of effector
differentiation including CD25, CXCR3, CDI127, CDI22 was not different in GFP naive
cells, but was altered i naive T cells treated with ant-CD3/CD2Y or eytokines.
Proliferation was measured by Ki-67 staining and it was found that GFP” naive CDR™ T
cells showed a sinular, low rate of homeostatic turnover as wild-type naive CDS’ T cefls
{Figwre 2B). However, all of the comparison stimulation conditions mduced varying
degrees of cell proliferation.

To assess the transoriptional reprogravuning of effector diffurentiation, transcript
abundance for TFs and effector molecules that change during e ffector differontiation was

measwred, Key regulators, such as Tebet (75227), Eomesodermin (Fomes), and Blimpl
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(Frdmi}, as well as effector moelecules inchuding gramzyme A and B, perforinl, and IFNvy,
and TNFuy were unchanged in GFP naive CD8” T cells relative to wild-type natve CD8’
st were upregulated in stimaelation conditions (Figure 2C). Morcover, imowme cell types
in blood 812 weeks after transplantation into recipient mice (Figure 2D}, Thus, GFP
naive CDS™ T cells that had developed from transduced LSK cells were indistinguishable
from untransduced natve CDE T celis, indicating that transduction of LSK cells does not
perturb the future development of naive T cells, In contrast, existing protocols to achieve
viral transduction of T cells ave associated with marked perturbation of the T cell state and

partial effector differcatiation.

Example 4:  Lac operon-regulated shRNA allows inducible, efficient, and transient
gene knockdown in vive at low concentrations of IPTG

Hematopotesis depends on the expression of appropriate genes at the proper
developmentsl stage, Because constitutive gene knockdown in LSK could compromise the
development of immune hneages, an nducible sShRNA expression vector that uses the Lac
operon systemn o regulate the shRNA promoter following addition of isepropyi 8-D-1-
thiogalactopyranoside (IPTGY was emploved (Figure 3A). This vector provided shRNA
inducibility in cancer cell lines i1 vifro and xenografts i ntice. The inducibility of gene
knockdown was confirmed by targeting a control gene in a Jurkat cell bne. Target gene
expression was only ninimally affected in the snindeced state (Figuves 3B-3C}) However,
gone kaockdown following IPTG induction of shRNA expression was as efficient as that
achieved by a constitutive shRNA expressing vector (Figure 3B) even at low concentrations
of IPTG (Figwre 3C).

To test knockdown efficiency in primary CDS™ T cells, BMC were generated with
an IPTG-inducible vector encoding an shRNA targeting BATE (shBATF) and a GFP
expression cassette to create GFP naive T cells that carried the inducible shRNA vector
{hereinafter, “shBATF-maive T cells™. The knockdown of BATF in GFP CDR' T eells
followinyg Jv vitro activation in the presence or absence of ITPG was assessed (Figure 3D),
Decreased target gone expression was seen as carly as 2 days followmny PTG addition in
vitro {Figure 3D) and was comparable fo knockdown with the constitutive vectar,
Stmifary, a vector containing 3 LacO operators {3x LacQ; Figwre 3F) was compared to the
Ix LacO vector shown in Figure 3A and the kinetics of induction and repression are shown

in Figures 3G-3H.
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To test indacible knockdown & vive, shBATF-naive P14 CDE T colls were
transferred into LOMVanfected nyce and the niice were treated with IPTG. BATF
expression was measyred after dwee dayvs. butiating IPTG induction 1 day following cell
activation resulted m modest (18%) gene knockdown, but treating BMC three days prior to
wansfer resulted in significantly more robust silencing (68% knockdown} 3 days following
transfer and infection (Figure 3E). Sivular results were obfained for transferred B cell
populations {Figure 3E). Thus, efficient, inducible gene knockdown was achieved in

unperturbed CDE T cells,

Example 5:  BATF knockdown impairs CD8” effector T celf activation and
differentiation following acute viral infection

Bait™™ CDR™ T cells show profoundly impaired effector CDR™ T celf differentiation.
To test whether BATF koockdown in wild-type CDE™ T celis also affected effector
differentiation, aaive P14 CDS” T cells from BMC transduced with cither an inducible
shBATF vector or a control shRNA vector turgeting Lacs were adoptively transferred into
avwild-type reciptent in a 111 ratio with naive P14 COR T cells from a BMU transduced
with a second control shRNA (RFP) (Figwre 4A). Endogenous, shBATFE- or shLacZ- and
shRFP-naive CDR™ T cells were distinguished by the use of congenic markers. Comparison
of the ratio of munbers shBATF- or shLacZ-effector T cells to shRFP-effector T eells was
ased to analyvze the effect of BATF knockdown wiile controlling for any effect of shRNA
expression on differentiation. ¥t was found that P14 shBATF-cffector (D8 T cells shinved
markedly reduced numbers at day 7-9 post infection (p.1) relative to shRFP P CDE™ T
cells. In contrast, the ratio of shlLacZ-effectors to shRFP-effectors remained constant
{Figures 48-4C). This reduction in shBATF-cffector coll numbers was seen with three
different BATF shRNAs designed with different seed regions (Figure 47} (Jackson e of.
{2006) RN4 12:1178-1187), indicating that the reduced shBATF-effector celf numbers were
anlikely to be due to off-target effects (Figwre 40, Thus, knockdown of BATF markedly
reduces the peak population size of etfector CDE T cells.

The reduced population size of effector CDR™ T cells following BATF knockdown
could be due to altered T cell expansion or increased cell death. To wdentify the mechanism
of impaired offector differentiation, proliferation {by Brdl incorporation) and cell death (by
the abundance of activated caspases} were both measured in shBATF-offector CDE™ T cells

at day 5 pi. Despite the decrease in effector cell munbers seen at day 8 p.i, a significantly

¥
~
it
L



WO 2015/183885 PCT/US2015/032573

it

L

21

[l
N

farger fraction of remaining shBATF-effector CDR' T cells were proliferating than shLacz-
effector CDR™ T cells {Figure 4D). However, simultancous analysis of active caspase
abundance showed significantly higher apoptosis in shBATF-effector CDR™ T cells (Figwre
4E). In addition, cell division, as measured by K167 expression, was also increased in
shBATF-effecior CD]' T cells (Figure 4F). Thus, knockdown of BATF caused both

pwreased proliferation and nereased cell death in early effector differentiation,

Example 6;:  BATF is required to initiate but not maintain effector CD8" T cell
differentiation

Previcus studies have demonstrated that BATF i repaired to mitiate effector
differentiation, as naive Baff ™ T cells undergo massive cell death at 72-96 hrs. after
stimulation (Kurachi er of. {2014} Nap. Jmmunol. 15:373-383). However, because previous
studies of the role of BATF in effector CDY differentiation have been carried out using
constitutive gerntine deletions, it s not known whether BATE 1s required only 1o inttiate
cffector differentiation (Le, at the time of instial antigen encounter), or whether it is also
needed to maintain effector differentiation once anderway. Because the inducible shRNA
system allovws wmporal control of BATE knockdown, whether delayed BATE knockdown
impaired effector differentiation to the same extent as knockdown at the time of infection
wias tested.

To address this question, a 11T mixtees of congentcally distingoishable P14
shBATF- or shLacZ-CD8" T cells were adoptively transferred into recipiont wild-type
animals, which were then infected with LOMV-Armstrong. IPTG was adnunistered to
nduce BATF knockdown either before infection, at the time of infection, or 72 hr. p.i
{Figure SAY. Comparison of the relative frequency of shBATF-cffector cells 1o shlLacZ-
effector cells at day § p.i. showed that inducing BATF knockdown 3 days prior to mfection
or at the time of infection was associated with a significant reduction in the numbers of
effector CD&' T cells compared fo controls with no IPTG induction. However, inducing
BATE knockdown 72 lus. post-tifection did not significantly change effector expansion
{Figure SB). Thus, while BATF is required tor effector CDR™ T el differentiation at the
time of inttial antigen encounter, by 72 hrs. pi, BATF hecomes largely dispensable at least
through day 8 of effector difforentiation. This indicates that BATT s requived to inttiate

bt not maintain transcriptional reprogramming of effector CDR™ T cells.

=
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Example 7:  BATF knockdown results in defected activation and differentiation of B
cells

Natve B cells from BMC pransduced with cither an indacible shBATFE vectoror a
control shRNA vector targeting LacZ were adoptively transferred into recipients shown
Figwre 6A in order to determine the role of BATF in B cell activation and ditferentiation.
BATF konockdown resulted in defective activation and differentiation of B cells (Figwre
OB). as well as defects in plasma cell differentiation (Figure 6Q),

gene expression i unperturbed hematopoietic

bec

Thus, a strategy to mducibly silence
cells im vivo using RINAL has been dotormined. This system was used to show that BATF is
roquired ko mitiate effector CDR™ T cell differentiation, but becomes dispensable after 72
hrs. The findings indicate that the experimental approach can accelerate the analysis of
gene function 1o carly cell fate comnutment in the hematopoietic systen.

The ability to mampulate gone expression using RNAG has proven a powerful tool
with which to mvestigate gone function in the inimune svsten. Stlencing gene expression
i T ecls (Joshi ef ol 2007y Jmueniny 27:281-295; Avaki ef of. (2009} Nuafure 460:108-
112: Zhow et o (2014) Nogere S06:52-57) ov dendritic cells (Amit ef af {2009) Science
326:257-263; Chovrier e af. (2011 Celf 147:853-567) has allowed the rapid identification
of regulators of cell differentiation and activation. Viral vectors expressing shRNA
molecules are the most frequently used delivery method for RNA1L However, this approach
is Himited by the inability to deliver viral vectors to quiescent T cells. As a resalt, most
approaches have used activation i viso (Yang e ol (20123 J. &xp. Med. 209:1655-1670;
Zhou et al (2014) Naryre 306:52-57) ov in vive (Joshi er of. (2007 Imswdty 27:281-295;
Araki er gf. (2009) Nature 460:108-112) to achieve efficient transduction. However, both
of these approaches profoundly alters the enderlying transeriptional and fimetional state of
naive T cells. T cells activated i vitro, even i the absence of TOR stiputlation, show up-
regulation of TFs and cytotoxic moleaudes including granzymes, indicating that many
aspects of effector differentiation are imitiated by these manipulations even hefore viral
mfection and gene kaockdown can eccur, 1n contrast, the experimental system described
herein permits the inducible knockdown of geues i quiescard, unperturbed natve T celly,
allowing the events that ocour during the minutes 1o howurs after T cell stimulation to be

mierrogated. Thus, this approach now allows functional genomic stadies in transduction-

- oells # vive without ex vive perurbation.

§
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The system was used to analyze the role of BATF in the inumediate hours after
antigen encounter. BATF plays a profound role in the differentiation of many cell neages
of the inwmee system (Murphy e af. (2013) Nae. Rev. Tmmunol. 13:499-309), H is required
for the development of Tew (Chevrier e ol (201 1) Cell 147:853-867) and Th17 (Schrami er
al, 20093 Naage 460:405-409; Crofani ef ol (2012) Cell 151:289-303 1 cells and for class
switching in B celis (Chevrier ef of. (2011 Cell 147:8353-867}, indicating it plays an
essential role in coll differentiation in diverse lineages. Recent studies in CDR™ T cells
show that loss of BATF dysregulates a swite of TFs, cytokine sensors, and metabolic
pathways leading 1o a profound defect in effector CORT T cell differentiation (Kuracht ef ol
(2014 Nor fmmuned. 15:.373-383), However, while these stadies show that BATF s
required to initiate effector CDR differentiation, it remains unclear whether BATF is also
needed to mamntain the differentiation program once widerway. 1t has been shown herein
that BATF s requared at ov inmmediately after antigen encovnter, but rapidly becomes
dispensable for subsequent development of effector CDR™ T colls vl at least d8 p.i. Thesc
results indicate that BATE is required to imitiate but not mamtam the effector differentiation
program.

These findimgs arc consistent with several prior observations that support a role for
BATF in the mitial commitment to an effector state. First, the defects m effector (DY T
cells that Jack BATF ave evident within 72-96 hrs. of antigen encounter {Kuwachi ef o,
{2014) Nar. Imanwol, 15:373-383), indicating that BATF plays a critical fanction in the
cathiest bours of effector difforentiation. Sceomd, BATE associates with is binding sites
within 24 hours of T cell activation, which mdicates that it could play a regulatory role as
early as hours after antigen encowster (Kurachs e af. (2014} Nov. Impmunel. 1537323833,
Finalty, during Thi7 differentiation, loss of BATF results in decreased chromatin
accessibility at some regions normadly bound by BATFE, which indicates that BATF may
play a role as a proneer TF (Ciofant er o (2012} Cell 151:289-303). Pioneer TFs can
regulate the chromatin structure at eritical regdatory regions fo enable the subsequent
bindmng of other TFs (Magnant ef afl (2011} Frends Gerer. 27:463-474), The findings of' a
transient role for BATF at the nutiatton of effector differentiation described herein are
consistent with its function as pioncer TF. For mnstance, BATE may function at the start of
effector CDY differentiation to increase chromatin accessibility o other effector TFx that
cemenyt the differentiation state. Because BATF is no longer required for effector

differentiation by 72 hrs., other TFs, such as T-bet and STAT proteins, may be responsible
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for mantatning effector differentiation once underway {Vabedi ef o (2012} Celf 151:981-
993}, Analvsis of the temporal role of candidate effector TFs, either with the inducible
RNAI system, or with conditionat knockout strains can be used,

Previous studics of BATF in D8 differentiation showed that Bagf™ but not Bug™
T cells displaved a defect in effector differentiation saggesting that the remaming
expression in Bayf™ is sufficient for proper T cell activation {Kurachi er e (2014) Nar.
Domunel. 15:373-383} In this context, it is perhaps swrpnising that 68% knockdown of
BATF {(Figure 3E) was assoclated with such marked smpairment of effector differentiation
white the BATF heterozygous mouse was not. Alernatively, compensatory mechanisms ar
adaptation may be in effoct when the cells are lacking half of genomic BATY throughout
their development. It is believed that there may be a critical “dose”™ of BATF that is
required for normal effector CDR T cell differentiation: knockdown of BATF reduces
protein abundance below thus theeshold while heterozyvgous deletion does not.

These findings help provide 3 mechanism to explam why effector differentiation can
be mitiated by brief, transient TCR activation. Studies of temporally-hinnted antigen-
exposure have shown that as little as 4b of TCR stimulation can initiate cell division and
induce cytolytic function in naive CD8™ T cells (van Stipdonk ef af. (2001) Nut. Immunal,
2:423-429), and only 20 hes. of shinudation can mitiate a self-sustaining program of effector
and memory differentiation that is cell awtonomous {Kaech and Ahmed (206013 Nav.
Tmmoarod. 2:415-422; van Stipdonk ¢7 af. (20033 Nat. Ipnorol. 436123633 Although the
altimate fate of effector cells 1s strongly modalated by antigen persistence, inflanunation
and the cytokine milicy, these studies indicate that TDY” T cells encounter an irveversible
deciston point within hours of antigen encownter {Kaech and Alumed (2001} Nat. Dnmunol,
2:415-422) The findings deseribed herein indicate that transcriptional regulation by BATYE
may be one component of that decision point. BATF may launch differentiation by
wreversibly engaging the effector transcriptional program within the first 24 hrs. of
stimulation.

The use of a bone marrow chimeric system resulis in transduction of ali
hematopoietic-derived hincages with the inducible shRNA vector. As such, analysis of gene
function in other cell types that are refractory to viral transduction, such as naive CD4° T
colls or B cells, is now cqually feasible. The use of this strategy should provide a broadly

usciul fool for mtorrogating gene function within unperturbed cells of hentatopoictic origin,
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The contents of all references, patent apphcations, patents, and published patent
applications, as well as the Figures and the Sequence Listing, cited throughout this

application are herchy ncorporated by reference.

Eguivalenis

Those skilled i the art will recognize, or be able 10 ascortain using no more than
routing experimentation, many equivalents to the specific erabodiments of the ivvention
deseribed herein. Such equivalents are intended to be encompassed by the followmng

10 claims.
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What is clatmed:
1. A method of generating transduced resting cells of the hematopoietic stem cefl

lincage that are differentiated in vivo, comprising:

a) obtaining cells of the hematoporetic stem cell lineage:
b) transducing the cells with at least one viral vector, wheremn each viral vector

pegrates an exogenous mucleie acid nto the genome of the eell;

¢} teansplanting the transduced cells to an munmocompromised incubator
animal, wherein the transplanted transduced cells reconstitute the impumnocompromised
ncubator animal inunune sysieny; and

d} selecting populations of resting recomstiged tmmune cells of mterest from
the incubator antmald,

thereby generating transduced resting cells of the hematoporetic stem cell Bneage

that are differentiated in vive.

2. The method of claim 1, wherein the colls of the hematepoictic stem cell Hneage an

mmrine o lnuman.

3 The method of claim 1 or 2, wherein the eclls of the hematopoictic sten cell lineage

are selected from the group consisting of hematopoietic stem cells (HSC), common myeloid
progenifor colls (CMP), common tvimphaid progenitor cells (CLP)Y, committed lymphoid
progenitor cells, granulocvie/macrophage progenttor cells {GMP}, megakaryocyte/ervthroid
progenitor cells (MEP), gramudocyte progenitor cells, macrophage progenitor cells,
ervthroid progenitor cells, megakarvooyte progenitor cells (MKP), NK eell progenitor cells

{NKP}, B cell progenitor cells (BCP), and T cell progenitor cells {TCP).

4. The method of any one of claims 1-3, wherein the cells of the bematopotetic stem

cell lincage are not terminally differentiated or post-mitotic.

s The method of any one of claims 1-4, whevein the cells of the hematopotetic stem

cell Bneage are not thymecvies or are not derived from the thvimus.,

fad

6. The method of any one of claims -3, wherein the cells of the hematopeictic stem
cells lincage are obtained from a biological source selected from the group consisting of

bone marrow, umbilical cord blood. amniotic fluid, penipheral blood, and fetal biver,
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The method of any one of claims 1-6, whevein the cells are transduced with a single

viral vector.

¥, The method of any one of claims 1-7, wheren the viral veetor 1s a lentsviral veetor.
9, The method of any one of claims -8, whercin the viral vector imnducibly expresses

an RNA encoded by the exogenous nucleie acid,

1t The method of any one of claims -9, wherein the inducible expression is regdated

using lactose operon operator (LacO) and lactose operon repressor (Lacl) sequences.

1, The method of any one of claims 1-10, wherein the exogenous nucleie acid is
selected from the group consisting of mRNA, antisense RNA, shRNA| siRNA, nucroRNA,

PrwiRNA, and combinations thereof.
12, The method of claim 1, wherein the exogenous nucloie acid 1s an shRNA.

13, The method of claim 11, wherein the exogenous mucleic acid comprises a} an
enginvered, non-patarally ocowring Clustered Regudarly Interspaced Short Palindromic
Repeats {CRISPR ) guide RN A that hybndizes with a target nucleie acid sequence of
mterest andfor b) a nucleotide sequence encoding a Type-1I Cas® protein, optionally

wherein the cells are transgenic for Cas9.

14, The method of any one of claums 1-13, wherein the viral vector further conaprises a

nucleie acid encoding a reporter.
15, The method of claim 14, wherein the reporter is a fluorescent protein.

16, The method of any one of claims 1-15, wherein the incubator animal s

mmunocompromised using fethal iradiation or chemotherapy.

17. The method of any one of clatms 116, whercin the incubator animal i3

anmaunodeficient,

18, The method of any one of claims 1-17, whercin the inmunocompromised mcubator

amamal and the antmal from which the cells of step a) were obtained are congenic.
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. The method of any one of claims 1-1§, wherein wansplantation of the transduced
cells to the immunocompromised incubator animald is avtologous, syngeneie, altogeneie, or

XCROZENTIC,

20, The method of any one of claims 1-19, wherein the resting reconstituied imnwme
cells of interest selected in step d) are selected from the group consisting of twrovinally

differentiated cells, post~mitotic celis, andfor unactivated celis,

b

The method of claim 20, wherein the resting reconstitoted inwmane colls of interest

selected m step d) have not been exogenously stunalated to divide.

22, The method of claim 20, whereln the resting reconstituted impune eells of interest

selocted iy step d) are resting T colls or resting B cells.

23, The method of any one of claims <22, wherein the resting reconstitated tmmune

cells of interest selected in stop d) are tsolated.

24, The method of any one of claims 1-23, further comprising a step ¢} of culturing the
selected cells fn viro and moniioring the selected cells W response to exogenous

porturbation.

-

25 The method of any one of claims 1-23, further comprising a step o} of transplanting
the transduced resting cells of the hematopoietic stem ocll lincage that are differentiated i

vive into an experimental antmal and monitoring the transplanted cells in response to

exogenous pertrbation.

26 The method of claim 24 or 25, wherein the exogenous penturbation is the application
of an assay for festing autoimmune, allergic, vaccimation, mywnunciolerance, cancey

wanunotherapy, innoune exhaustion, mowmoelogical memory, impnurological epfope,

stem cell, hematopoietic steny cell, or impune disease responses.

27 Transdaced resting cells of the hematopotetic stens cell {ineage that are

o

differentiated ix vive produced according to any one of methods §-26.

28 Non-luoan animals comprisung transduced resting cells of the hematopostic stent

cell lineage that are differenuated #» vive produced according to any one of methods 1-26.
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