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Pathogen-associated 
molecular patterns
Molecular patterns that  
are found in pathogens but  
not in mammalian cells. 
Examples include terminally 
mannosylated and 
polymannosylated compounds, 
which bind the mannose 
receptor, and various microbial 
products, such as bacterial 
lipopolysaccharides, 
hypomethylated DNA, flagellin 
and double-stranded RNA, 
which bind Toll-like receptors.

Endolysosomal tubules
Highly dynamic subcellular 
structures that eminate from 
late endocytic–lysosomal  
and/or phagolysosomal 
compartments. They are  
known to contain MHC class II 
molecules, CD63, CD82 and 
lysosome-associated 
membrane protein 1 (LAMP1), 
and require microtubules for 
movement.

Endocytic pathway 
A trafficking pathway used by 
all cells for the internalization 
of molecules from the plasma 
membrane to the 
endolysosomes.

Cross-presentation 
The ability of certain antigen-
presenting cells to load 
peptides that are derived from 
exogenous antigens onto MHC 
class I molecules. Cross-
presentation is important for 
the initiation of immune 
responses to viruses that do 
not infect antigen-presenting 
cells.

Autophagy 
An evolutionarily conserved 
process in which acidic double-
membrane vacuoles, known as 
autophagosomes, sequester 
intracellular contents (such as 
damaged organelles and 
macromolecules) and target 
them for degradation, through 
fusion to lysosomes. This 
process does not involve  
direct transport through the 
endocytic or vacuolar protein 
sorting pathways.

of endolysosomal tubules, which contain numerous pro-
teins including MHC class II molecules, and deliver these  
proteins to the cell surface, where they are available to 
CD4+ T cells for potential activation11–13.

DCs have a central role in the activation of naive 
T cells and therefore direct the adaptive immune 
response against invading microorganisms. But how do 
DCs participate in the immune response to intracellular 
microorganisms that do not directly infect APCs? First, 
whole microorganisms can transiently exist in the extra-
cellular space and be taken up by DCs into the endocytic 
pathway, where relevant antigens are loaded onto MHC 
class II molecules in endolysosomes. In addition, DCs 
possess the capacity to take up these antigens and trans-
fer them to the MHC class I pathway through a process 
referred to as cross-presentation, but the details of this 
process remain controversial.

But, how do antigens from the extracellular environ-
ment gain access to the MHC class I pathway, which is 
normally restricted to the presentation of intracellular anti-
gens? Here, we review the evidence for the hypotheses that 
include the involvement of the ER dislocation machinery 
and channel-independent pathways in this process. 

The generation of peptides for both MHC class I 
and class II pathways have previously been viewed 
as the exclusive domain of the proteasome and lyso-
somal-associated proteases, respectively. Recent data 
indicate that additional pathways can participate in  
this process. For example, a role for autophagy, which 
is a ubiquitous process by which cells remove damaged 

organelles, in the generation of peptides for MHC 
molecules has been proposed. The pathways of antigen 
processing and presentation have recently been exten-
sively reviewed4,14 and, therefore, in this Review we focus 
on aspects of antigen processing and presentation that are 
less well understood or that remain controversial.

MHC class II processing and presentation
Focused on the extracellular environment, the MHC 
class II antigen presentation pathway intersects with the 
endocytic pathway to sample antigens. Extracellular anti-
gen is taken up by APCs and placed into a membrane- 
delimited compartment, known as the phagosome. This 
phagosomal compartment undergoes a series of modifi-
cations that are in part dictated by its content and finally 
fuses with lysosomes to form the phagolysosome, in which 
the contents of the phagosome can interact with MHC 
class II molecules (FIG. 2). Peptide-loaded MHC class II 
molecules are then transported to the cell surface where 
they engage antigen-specific CD4+ T cells. Despite the 
apparent simplicity of this pathway, important questions 
remain, including the nature of the modifications made 
to the phagosome, the modes of delivery of MHC class II 
molecules to the cell surface and the contribution of 
autophagy to the MHC class II pathway.

Phagosome maturation. Phagocytosis serves as an 
important mechanism for antigen acquisition and is 
restricted to professional APCs, which are responsible for 
the uptake of various particles, including microorganisms  

Figure 1 | Six steps for loading and trafficking of MHC class I molecules to the cell surface. Antigen processing 
and presentation by MHC class I molecules can be divided into six discrete steps. Step 1: acquisition of antigens from 
proteins with errors (for example, due to premature termination or misincorporation). Step 2: misfolded proteins are 
tagged with ubiquitin for degradation. Step 3: the proteasome degrades these ubiquitylated proteins into peptides.  
Step 4: the peptides are delivered to the endoplasmic reticulum (ER) by the transporter associated with antigen 
processing (TAP) complex. Step 5: peptide is loaded onto nascent MHC class I molecules; this process is facilitated by 
members of the peptide-loading complex, such as tapasin and two housekeeping ER proteins, known as calreticulin  
and ERp57. Step 6: peptide-loaded MHC class I molecules are transported via the Golgi complex to the cell surface.  
The steps for peptide–MHC class II loading conceptually follow this same path. 2m, 2-microglobulin.
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Phagosome 
A membrane-delimited 
compartment that confines 
ingested material such as 
microorganisms following 
phagocytosis. Unless 
counteracted by a pathogen 
survival strategy, the 
phagosome matures into a 
hostile environment (the 
phagolysosome) that is 
designed to kill and digest 
microorganisms by fusing with 
lysosomes.

Phagolysosome
An intracellular compartment 
that results from the fusion of 
phagosomes, which enclose 
ingested extracellular material, 
and lysosomes, which contain 
lytic enzymes.

and apoptotic bodies15. These particles are shuttled into 
phagosomes, which are then subjected to numerous 
modifications that serve to guide the recruitment  
of other proteins and the subsequent fusion events with 
other vesicles16 (FIG. 2). The formation of phagosomes 
has been extensively reviewed16,17. Cellular-membrane 
protein recruitment to the phagosome — and therefore 
the fate of the phagosome — appears to be regulated 
in part by the capacity to engage TLRs early in the 
course of phagosome formation. Indeed, antigen that 
is complexed with the TLR4 ligand lipopolysaccha-
ride (LPS) and presented by DCs can activate T cells 
more potently than antigen alone18. Both MHC class II 
molecules and the tetraspanin member CD63 are spe-
cifically recruited to pathogen-containing phagosomes 
but not to phagosomes that contain polystyrene beads19 
(note that latex beads and polystyrene beads are com-
posed of distinct compounds and therefore the terms 
should not be used interchangeably). In addition, TLR4  
signalling by LPS triggers the efficient peptide loading of  

MHC class II molecules, whereas phagosomes that 
are devoid of LPS fail to contribute to the activation of 
antigen-specific T cells18. The connection between TLR 
signalling and the efficiency of MHC class II antigen 
presentation shows that the use of pathogens to induce 
phagocytic uptake, rather than the use of polystyrene 
beads, will inform us on the pathways relevant for antigen 
processing and presentation.

Given the importance of phagosome maturation in 
antigen processing, pathogens have devised strategies to 
modify their fate within the phagosome20. Mycobacterium 
tuberculosis, for example, blocks phagosomal maturation, 
thereby enabling its own survival within macrophage 
phagosomes, from which it can then escape into the 
cytosol21. Legionella pneumophila, the causative agent of 
legionnaires’ pneumonia, escapes the degradative lyso-
somal pathway by intercepting vesicular traffic from the 
ER to form an ER-like compartment that avoids fusion 
with lysosomes22. Toxoplasma gondii can modify the com-
partment in which it resides to allow long-term growth 
and prevent its own death by forming a parasitophorous 
vacuole that avoids fusion with vesicles of the endocytic  
pathway23,24.

Fusion with lysosomes to form phagolysosomes  
is the final event in the life of a phagosome. It seems 
that the intravesicular conditions of lysosomes found in 
DCs might be different from those in other cell types. 
For example, DCs can be infected with HIV-1 through 
the cell-surface receptor DC-specific intracellular adhe-
sion molecule 3-grabbing non-integrin (DC-SIGN), 
and HIV-1 is internalized by endocytosis in a form that 
retains the viability of the virus and allows its transfer to 
T cells, possibly through the immunological synapse25,26. 
The fact that the otherwise fragile HIV-1 virions remain 
infectious after endocytosis highlights the innocuous 
environment of the DC lysosomes.

The degradation of antigen following the lysosomal 
acidification of endosomal compartments is tightly 
controlled in DCs in an activation-dependent manner10. 
Acidification of this compartment allows optimal activity  
of lysosomal acid hydrolases and cathepsins. RAB27, a 
RAB protein involved in vesicular docking and secretion, 
is rapidly recruited to phagosomes in DCs and controls 
acidification of this compartment by recruiting NADPH 
oxidase and by limiting the production of reactive oxygen 
species27. Phosphorylation of extracellular-signal-regulated 
kinase 1 (ERK1) and ERK2 in DCs is also controlled by 
the action of the lysosomal cysteine protease cathepsin K, 
which has recently been shown to regulate TLR9-induced 
signalling, but not that of other TLRs28. The inhibition 
or absence of cathepsin K in DCs greatly reduced TLR9-
induced secretion of pro-inflammatory cytokines, linking 
cathepsin K activity specifically to the TLR9 signalling 
cascade and possibly to phagosome maturation. So, some 
TLR activation appears to be controlled by the enzymatic 
activity of its proteases in DCs.

The contributions of autophagy to the MHC class II  
pathway. Much of the emphasis on antigen degrada-
tion has been on phagosomal maturation through the 
endocytic pathway and fusion with lysosomal vesicles. 

Figure 2 | Contribution of pathogens and self peptides to loading of MHC class II 
molecules in dendritic cells. Following phagocytosis of bacteria, surface-expressed 
Toll-like receptors (TLRs) become activated and influence the nature of phagosome 
maturation. Similarly, viruses engage TLRs found in endocytic vesicles that recognize 
nucleic acids. Following the maturation of phagosomes, these structures fuse with 
lysosomes to form phagolysosomes. MHC class II molecules that are contained in  
the lysosomes are loaded with peptide fragments of the bacteria or viruses that are 
formed by lysosomal proteases. Autophagosomes also fuse with lysosomes and serve  
as an additional source of peptides, including endogenous peptides, for MHC class II 
presentation. MHC class II molecules, as well many other lysosomal proteins  
including tetraspanins, are transported in endolysosomal tubules to the cell surface. 
Surface MHC class II molecules can be found in membrane microdomains with other  
co-stimulatory proteins. 
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the ER to the cytosol for degradation. Dislocated pro-
teins are deglycosylated, ubiquitylated and eventually 
degraded by the proteasome in a pathway known as the 
ER-associated degradation (ERAD) pathway69. Some 
proteins involved in dislocation are now known (see 
later), and include several ubiquitin ligases, members of 
the derlin family, which are the human homologues  
of the S. cerevisiae protein Der1 (degradation in the ER 1), 
and ATPase p97.

Some data suggest that ER-derived proteins might 
reside on the phagosomal membrane. Proteomic analy-
sis of the phagosome revealed the presence of several 
ER-derived proteins, such as the chaperones calnexin, 
calreticulin, GRP78 (glucose-regulated protein, 78 kD; 
also known as HSPA5 or BIP) and SEC61 (REFS 39,70). 
In addition, Gagnon et al. claimed that the ER (or a  
subcomponent thereof) fused with nascent phagosomes 
(referred to as the ER–phagosome fusion model)71. 
Based on this model, it was proposed that the presence 
of ER-derived components in phagosomes would allow 

the ER dislocon to participate in cross-presentation 
at the phagosomal membrane by allowing the escape 
of proteins from the phagosomes into the cytosol72–74. 
Although not definitive, these data suggest that the 
ERAD machinery may be involved in translocating 
peptides from the phagosome to the cytosol.

However, the ER–phagosome fusion model70,71 is con-
troversial because potential ER contamination remains a 
confounding problem, despite rigorous efforts to purify 
phagosomes75. In addition, biochemical experiments 
that fail to control for post-lysis associations with ER 
proteins have limited use in understanding the nature 
of protein–protein interactions. Nonetheless, we cannot 
consider the question of whether the ER fuses with 
phagosomes settled without an exact replication of the 
original report71. Cell-type differences are also a factor 
worthy of consideration.

The ERAD protein SEC61 (also referred to as the 
translocon) is a protein channel that is responsible 
for the transport of newly synthesized proteins into 

Figure 3 | Additional pathways that might be relevant for antigen processing and presentation by MHC class I 
molecules in TLR-stimulated dendritic cells. How peptides traffic to MHC class I molecules during cross-
presentation in dendritic cells (DCs) is still unknown. Here, we propose several possibilities that could allow peptides to 
access MHC class I molecules. Autophagosomes containing both endogenous peptides and pathogen-derived proteins 
could potentially serve as a source of peptides for the MHC class I pathway. Peptides might transit from the phagosome 
through leaky membranes, following spontaneous lysis of the phagosomal compartment or by traversing the lipid bilayer. 
Components of the peptide-loading complex and the endoplasmic reticulum (ER) dislocation machinery, including the 
ER-associated degradation (ERAD) protein complex, might be shuttled from the ER to the phagosome, perhaps involving 
lipid droplets for transport. Transfer of these components to the phagosome might permit loading of MHC class I 
molecules with peptides at this site rather than in the ER. Gap junctions may serve as conduits that allow neighbouring 
cells to donate peptide epitopes for loading of MHC class I molecules. 2m, 2-microglobulin; TAP, transporter associated 
with antigen presentation.
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Metallophilic macrophage
A macrophage that is located 
at the border of the white pulp 
and the marginal zone of the 
spleen. These macrophages 
express high levels of CD169 
but lack expression of the 
mannose receptor.

protein that contains domains of the mannose receptor, 
it has been suggested that they may capture and concen-
trate antigen in a similar way to metallophilic macrophages 
that reside in the splenic marginal zone59–61.

The macrophages in the subcapsular sinus are a dis-
tinct population to those in the medulla and have lim-
ited phagocytic activity, which enables them to present 

intact antigen on their cell surface56,58. Indeed, these 
macrophages have been shown to capture and retain 
antigen for up to 72 hours following the initial antigen 
exposure62. However, whether this involves the simple 
retention of antigen on the macrophage surface or anti-
gen internalization into non-degradative intracellular 
compartments before it is recycled to the cell surface 
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Figure 2 | B-cell encounters with specific antigen in the lymph node. a |  B cells in follicles have been found  
to encounter small soluble antigens from the lymphatic fluid as they diffuse from the subcapsular sinus (SCS) to the 
follicles55. Large antigens, immune complexes and viruses can be presented to follicular B cells at the macrophage- 
rich SCS64,67,68. In addition, follicular B cells may recognize antigen that is presented on the surface of follicular dendritic 
cells (FDCs). b | Snapshot of a video that was generated using multiphoton intravital microscopy on the popliteal lymph 
node. The solid line identifies the position of the SCS. A magnified view of antigen–B-cell conjugates is shown, in which 
conjugates appear yellow as a result of the merge of the red antigen-specific B cells and green antigen (P. Barral and F. B., 
unpublished observations). c | Schematic view of the paracortex to illustrate where antigen-specific B cells encounter 
antigen at this site. B cells entering the lymph node can encounter unprocessed antigen on the surface of resident or 
recently migrated DCs, in close proximity to the high-endothelial venules (HEVs)73,77–79. The conduit system, which is 
lined with FRCs and DCs, transports low-molecular-mass components of the lymphatic fluid through the lymph node;  
B cells and T cells have been shown to migrate in association with the FRC network49. BCR, B-cell receptor; C3, complement 
component 3; CR, complement receptor; DC-SIGN, DC-specific ICAM3-grabbing non-integrin; FcR, Fc receptor; 
ICAM3, intercellular adhesion molecule 3; MAC1, macrophage receptor 1.
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! "":!

0'&'23Y%*,! 1%*%! 43,,3/%$! .'! 03)&.3)&! -%22! -Y-2%! 4*'/*%,,)'&L! Z%$)3! 13,!

.*3&,5%**%$! )&.'! 3! N];! .),,+%! -+2.+*%! 523,K! 3&$! :02! .*Y4,)&! ,'2+.)'&! 8N*Y4MS!

S@4*%,,A!7&().*'/%&D!13,!3$$%$!.'!.>%!0'&'23Y%*L!#5.%*!:0)&!3.!C]?=A!-%22,!1%*%!

$%.3->%$!3&$!-'042%.%!PZSZ!13,!3$$%$!J%5'*%!.*3&,5%*!'5!.>%!-%22!,+,4%&,)'&!

)&.'! .>%! N];! 523,KL! #5.%*! 3! 5+*.>%*! :FC! $3Y,A! -%22,! 1%*%! %@30)&%$! 5'*! .Y4)-32!

3$%&'()*+,!-Y.'43.>)-!%55%-.!8=6SD!3,!3!,)/&!'5!4*'$+-.)(%!()*32!*%42)-3.)'&L!

!

!"#"! >0**043.4,/%9(?@3.0.&,0)%.(:3/A*%*,
!

7&5%-.%$! -%22,! 5*'0! .>%! )&).)32! .*3&,5%-.)'&!1%*%! *%0'(%$! 5*'0! .>%! 523,K!

+,)&/!3!-%22!,-*34%*A!3&$!.>%!>3*(%,.%$!03.%*)32!13,!.*3&,5%**%$!.'!3!;W02!532-'&!

.+J%L!^)*+,!13,!.>%&!*%2%3,%$!5*'0!.>%!-%22,!)&.'!.>%!,+4%*&3.3&.!JY!.>*%%!-Y-2%,!

'5! 5*%%_%F.>31`! .+J%,! 1%*%! 5*'_%&! '&! $*Y! )-%A! 3&$! .>31%$! J*)%52Y! )&! 3! C]'=!

13.%*J3.>L! #5.%*! 5*%%_%F.>31A! .>%! -%22! $%J*),!13,! 4%22%.%$! JY! -%&.*)5+/3.)'&! 3.!

";WW/! 5'*! ;!0)&! 3&$! .>%! ,+4%*&3.3&.! +,%$! .'! )&5%-.! &%1!EST:UC!'*!:UCNOSV!

-%22,! )&!3!BF1%22!423.%!.'!/%&%*3.%!3!4*%F03,.%*!()*+,!,.'-KL!a%22,!1%*%!)&5%-.%$!

1).>!"02A!;WWb2A!:;Wb2A!":;b2A!BWb2A!'*!CWb2!'5!,+4%*&3.3&.!3&$!)&-+J3.%$!3.!C]'=!

3&$!;X!=?:!5'*!\G!>'+*,L!#5.%*!.>),!4%*)'$A!1%22,!J%/)&&)&/!.'!,>'1!-2%3*!,)/&,!'5!

=6S!1%*%!>3*(%,.%$!3,!$%,-*)J%$!4*%()'+,2YL!c)/&)5)-3&.!-Y.'.'@)-).Y!J%5'*%!.>),!

.)0%!1'+2$!/%&%*322Y!)&$)-3.%!-%22!$%3.>!$+%!.'!%@-%,,)(%!0+2.)42)-).Y!'5!)&5%-.)'&!

*3.>%*!.>3&!.>%!%0%*/%&-%!'5!&%1!()*+,!4*'/%&YL!6*%F03,.%*!03.%*)32!13,!+,%$!

.'! )&5%-.! 3!E96SOd23,KNZ! 8%H+)(32%&.! '5! "WV!N";W! 523,K,A! ='*&)&/D! .'! /%&%*3.%!

,+55)-)%&.! H+3&.).)%,! '5! *%-'0J)&3&.! ()*+,! 5'*! 4+*)5)-3.)'&L! 6*%F03,.%*!03.%*)32!

13,!.).%*%$A!3&$!E96SOd23,K,NZ!1%*%!)&5%-.%$!3.!3!0+2.)42)-).Y!'5!)&5%-.)'&!'5!5)(%!

)&5%-.)'+,!()*)'&,!4%*!-%22!8Z?7e;DL!?&-%!->3*3-.%*),.)-!=6S!13,!$),423Y%$A!-%22,!



! ""C!

1%*%! >3*(%,.%$! 3&$! 4%22%.%$! JY! -%&.*)5+/3.)'&! )&! :;W02! 4'2Y4*'4Y2%&%! .+J%,L!

N>),!.)0%!.>%!,+4%*&3.3&.!13,!$),-3*$%$!3&$!.>%!-%22,!,+,4%&$%$!)&!"W02!MY,),!

I+55%*!8"W!0Z!N*),A!"!0Z!Z/=2:L!4E!]LGD!5'*!()*+,!4+*)5)-3.)'&L!

  

!"#"B >A/38390&3(.,A*3.4,C%*3A?,C'1(/3)%,D1&/09%.&/38A40&3(.,
!

O%-'0J)&3&.! 3$%&'()*+,! 13,! 4+*)5)%$! JY! ,%H+%&.)32! $),-'&.)&+'+,! 3&$!

),'4Y-&)-! -%,)+0! ->2'*)$%! 8=,=2D! +2.*3-%&.*)5+/3.)'&L! 6*)'*! .'! -%&.*)5+/3.)'&A!

()*+,! 2Y,3.%!13,! ,+Jf%-.%$! .'! .>*%%! -Y-2%,! '5! 5*%%_%F.>31L! #5.%*! .>%! 5)*,.! -Y-2%A!

:;Wg!I%&_'&3,%!Q+-2%3,%! 8c)/03!#2$*)->A!gTD!4%*!02!'5! 2Y,3.%!13,!3$$%$!3&$!

.>%! 03.%*)32! )&-+J3.%$! 3.! *''0! .%04%*3.+*%! 5'*! ">*L! #5.%*! 5*%%_%! .>31A! -%22!

$%J*),!13,!4%22%.%$!JY!-%&.*)5+/3.)'&!3&$!.>%!,+4%*&3.3&.!-3*%5+22Y!3$$%$!'&.'!3!

$),-'&.)&+'+,! -%,)+0! ->2'*)$%! $%&,).Y! /*3$)%&.! -'&,),.)&/! '5! "LC;/<02! =,=2!

23Y%*%$!J%2'1!"L:;/<02!=,=2!)&!I%-K03&!g2.*3-2%3*!-%&.*)5+/%!.+J%,L!N+J%,!1%*%!

-%&.*)5+/%$!5'*!:>*,!3.!""WAWWW/!)&!3&!?4.)03!MFGW!V6!g2.*3-%&.*)5+/%!!8I%-K03&!

='+2.%*D! .'! ),'23.%! 3$%&'()*+,! 43*.)-2%,! JY! *3.%! _'&32! ,%43*3.)'&L! I3&$%$!

3$%&'()*+,!13,! %@.*3-.%$! JY! "Uh! &%%$2%! 3&$! ,Y*)&/%! J%5'*%! J%)&/! 3$$%$! .'! 3!

&%1! +2.*3-%&.*)5+/%! .+J%! -'&.3)&)&/! "LC;/<02! =,=2L! #$%&'()*+,! 43*.)-2%,! 1%*%!

,%43*3.%$! 5*'0! *%,)$+32! -'&.30)&3&.,! JY! ),'4Y-&)-! -%&.*)5+/3.)'&! 3.! "BWAWWW/!

5'*!"BF"G!>*,!83.!\'=DL!#5.%*!.>%!,%-'&$!-%&.*)5+/3.)'&A!()*+,!13,!%@.*3-.%$!3&$!

$)32Y,%$! )&!()*+,! ,.'*3/%!J+55%*! 8"W!0Z!N*),A!]L;X!1<(! ,+-*',%L!4E!]LGD!+,)&/!

c2)$%F3FMY,%*! $)32Y,),! -3,,%..%,! 8N>%*0'! c-)%&.)5)-A! gTDL! O%-'0J)&3&.! ()*+,! )&!

,.'*3/%!J+55%*!13,!$),4%&,%$!)&.'!,)&/2%!+,%!32)H+'.,!3&$!,.'*%$!3.!FGW'=L!

!



! ""\!

!"#"# E.8%9&3:3&5,&3&/0&3(.,?%&'()*,
!

7&5%-.)'+,! .).%*! '5! (%-.'*! 4*%43*3.)'&,! 13,! 3,,%,,%$! JY! ,)&/2%! -%22!

)&5%-.)().Y! '&! EST:UC! '*! :UCNOSV! -%22,L! d'*! (%-.'*,! %@4*%,,)&/! 52+'*%,-%&.!

.*3&,/%&%,!8N76%hd6A!%hd6A!0=>%**YD!)&5%-.%$!EST:UC!-%22,!1%*%!(),+32)_%$!3&$!

%&+0%*3.%$! $)*%-.2Y! JY! 52+'*%,-%&.! 0)-*',-'4YL! d'*! (%-.'*,! 1).>'+.! 3!

52+'*%,-%&.! 03*K%*A! )&5%-.)().Y! '5! EST:UC! '*! :UCNOSV! -%22,! 13,! 3,,%,,%$! JY!

)00+&',.3)&)&/!5'*!%@4*%,,)'&!'5!.>%!E%@'&!-34,)$!4*'.%)&L!

N%&5'2$! ,%*)32! $)2+.)'&! '5! ()*+,! )&! -'042%.%! PZSZ! 13,! 4%*5'*0%$! )&!

,.%*)2%!%44%&$'*5!.+J%,L!N1'!,%*)32!$)2+.)'&,!1%*%!4%*5'*0%$!4%*!()*+,A!3&$!;Wb2!

'5!%3->!$)2+.)'&!8"WiC!.'!"Wi"WD!13,!3$$%$!4%*!1%22!'5!3!UB!1%22!423.%!-'&.3)&)&/!

EST:UC!-%22,!'*!:UCNOSV!-%22,!3.!GWFUWX!-'&52+%&-YL!d'*! )00+&',.3)&)&/A!UB!

1%22!423.%,!,>'+2$!J%!4*%!-'3.%$!1).>!4'2YFMFMY,)&%!8c)/03A!"WWb/<02D!4*)'*!.'!

,%%$)&/!.'!)04*'(%!-%22!3$>%,)'&!.'!.>%!423.%L!623.%,!1%*%!)&-+J3.%$!5'*!\G!>'+*,!

3.!C]'=A!;X!=?:A!1).>!3$$).)'&32!0%$)3!8;Wb2D!3$$%$!35.%*!:\!>'+*,!.'!)04*'(%!

.>%! -'&$).)'&! '5! -%22,L! #5.%*! \G! >'+*,A! ,)&/2%! )&5%-.%$! -%22,! %@4*%,,)&/! 3!

52+'*%,-%&.! 03*K%*! 1%*%! %&+0%*3.%$A! 3&$! 3&! )&5%-.)'+,! .).%*! -32-+23.%$! )&!

)&5%-.)'+,!+&).,!8)5+D!4%*!02L!d'*!)00+&',.3)&)&/A!0%$)3!13,!3,4)*3.%$!5*'0!.>%!

-%22!0'&'23Y%*!3&$!-%22,!1%*%! 5)@%$!1).>! )-%!-'2$!0%.>3&'2! 5'*!3.! 2%3,.!CW!0)&L!

623.%,!1%*%!.>%&!13,>%$!.>*%%!.)0%,!)&!6Ic!J%5'*%!J2'-K)&/!5'*!3&!>'+*!1).>!"X!

Ic#<6IcL!!P%.%-.)&/!0'+,%!4'2Y-2'&32!3&.)FE%@'&!3&.)J'$Y!8=%22!I)'23J,!7&-LA!gcD!

13,!3$$%$!3.!"["WWW!$)2+.)'&!3&$! )&-+J3.%$! 5'*! 3&!>'+*!3.! *''0! .%04%*3.+*%L!

#2.%*&3.)(%2YA! .>%! $%.%-.)&/! 3&.)J'$Y! 03Y! J%! .3*/%.%$! 3/3)&,.! .>%! .*3&,/%&%L!

Z'+,%! 0'&'-2'&32! 3&.)J'$)%,! ##;E! 8#J=30A! #J:WC\CDA! ! 3&$! h#:I! 8#J=30!

#J::CUBD!1%*%!+,%$! .'!$%.%-.! )&52+%&_3!#!Q+-2%'4*'.%)&!3&$!Z3.*)@!"!4*'.%)&!



! "";!

*%,4%-.)(%2YL! Z'+,%! 0'&'-2'&32! 3&.)J'$Y! c^;F6K"! 8#J=30A! #J:]B]"D!

*%-'/&)_%,! .>%!6T8^;D! .3/!4*%,%&.! )&! .>%!#/G;#!-'&,.*+-.A! ,'! -'+2$!J%!+,%$! .'!

$%.%-.! .*3&,/%&%! %@4*%,,)'&! 5*'0! .>),! (%-.'*L! #5.%*! )&-+J3.)'&! '5! .>%! 4*)03*Y!

3&.)J'$YA! -%22,! 1%*%! 13,>%$! 3! 5+*.>%*! .>*%%! .)0%,! 4*)'*! .'! 3$$).)'&! '5! 3!

,%-'&$3*Y! 3&.)F0'+,%!EO6F-'&f+/3.%$! 3&.)J'$Y! 8=%22! I)'23J,! 7&-A! gcD! 3/3)&! 3.!

"["WWW!$)2+.)'&L!#5.%*!3&'.>%*!>'+*!)&-+J3.)'&A!423.%,!1%*%!13,>%$!5)(%!.)0%,!)&!

6Ic! 4*)'*! .'! $%(%2'40%&.L! N'! $%(%2'4A 50 µl of freshly prepared DAB solution 

(ImmPACT DAB, Vector Labs) was added to each well and plates incubated at room 

temperature until brown foci appear, representing single infected cells.!

!"#"F GA0.&38390&3(.,(8,23/A*,>0/&391%*,
!

N>%! &+0J%*! '5! 3$%&'()*+,! 43*.)-2%,! )&! 3! 4+*)5)%$! 4*%43*3.)'&! 03Y! J%!

%,.)03.%$!JY!0%3,+*)&/!()*32!PQ#!-'&.%&.!JY!,4%-.*'4>'.'0%.*)-!3J,'*4.)'&!3.!

:BW&0!3,!$%,-*)J%$!JY!Z3)_%2!!"#$%!j:";k!)&!"UBGL!I*)%52YA!,3042%,!1%*%!$)2+.%$!

"["W! )&! ()*+,! ,.'*3/%! J+55%*! -'&.3)&)&/! "X! ,'$)+0! $'$%-Y2! ,+24>3.%! 8cPcD! .'!

*%2%3,%!()*32!PQ#!5*'0!-34,)$,L!#5.%*!)&-+J3.)&/!3.!*''0!.%04%*3.+*%!5'*!"W0)&A!

3J,'*J3&-%! 3.! :BW&0! 13,! 0%3,+*%$! +,)&/! 3! I%-K03&! ='+2.%*! Pg! ]CW!

c4%-.*'4>'.'0%.%*L! #& 3J,'*J3&-%! '5! "LWW! 8#gA! "! -0! 43.>2%&/.>D! 3.! :BW&0!

-'**%,4'&$,!.'!"L"!@!"W":!()*32!43*.)-2%,<02L!

!"#"H 2%9&(/,GA013&5,C(.&/(1,
!

PQ#! 13,! %@.*3-.%$! 5*'0! =,=2! 4+*)5)%$! ()*+,! +,)&/! .>%! h%&S2+.%!

Z30032)3&!h%&'0)-!PQ#!Z)&)4*%4!T).!8c)/03DL!7$%&.).Y!3&$!4+*).Y!'5!.>%!()*+,!

4*%43*3.)'&!13,! -'&5)*0%$!JY!6=OA!+,)&/! .>%!#I/%&%!O%$$YZ)@NZ!6=O!Z3,.%*!



! ""B!

Z)@! 8N>%*0'! c-)%&.)5)-D! 3--'*$)&/! .'! 03&+53-.+*%*l,! 4*'.'-'2L! c4%-)5)-! 6=O!

3,,3Y,!3*%!$%,-*)J%$!J%2'1L!S3->!4*)0%*!),!$%,)/&3.%$!3!m%&&%*!8mD!'2)/'!&+0J%*L!

!"#"H"6 E)%.&3&5,>CI,
!

7$%&.)5Y!.>%!4*%,%&-%!'5!.>%!-'**%-.!3&.)/%&!)&,%*.[!

!

!

!

d'*13*$!6*)0%*,[!

!

hd6F^=Fd!8m\U:D!!!!!!!!!!!;lFN=h==h#==#=N#==#h=#h##=#===FCl 

M+-)5%*3,%!8m;;BD!!!!!!!!!;lF##hhh===#h=h==#NN=N#FCl 

G;#g:!8mC::D!!!!!!!!!!!!!!!!;lFh=hh#==#h=##=#N=##hNFCl!

Q6nZ"*:!8m::;D!!!!!!!!!!;lFh=#h#Nh=#h=hhNN=##hFCl!

cS#6d!8mGC\D!!!!!!!!!!!!!!!!;lF#Nh=Nh=Nh=Nh=Nh=Nh=NhFCl 

 

O%(%*,%!6*)0%*,[!

!

#$M!8#$;D!8mC"D!!!!!!!!!!!!;lF=NN##h==#=h===#=#=#NNFCl!

#$=BCM!8mC""D!!!!!!!!!!!!!!;lF=N=hNN=#hh=Nhh=hhh#NN#FCl!

#$=BGM!8mBW"D!!!!!!!!!!!!!!;lF=NN==h=N=#Nh=Nh=Nh=##=#=#=FCl!

9:;S"$%2O!8m;\\D!!!!!!!!;lFh=N=#Nh#Nh=Nh=##=#=#=FCl!

 



! ""]!

!"#"H"! J10.KLJ10.K,>CI,
!

='&5)*0!.>3.!.>%!(%-.'*!.*3&,/%&%!),!.>%!-'**%-.!,)_%!8&'!$%2%.)'&,D[!

!

!

!

d'*13*$!6*)0%*[!

!

=Z^8M6D)$d!8m]""D!!!!!!!;lFNNN==#NhhhN=NNNN=Nh=FCl! 

!

O%(%*,%!6*)0%*[!

!

IhE)$O!8mBUWD!!!!!!!!!!!!!!!!;lFh=h#Nh=##NNN==N=#NNNFCl   

!"#"H"B M%/(&5N%,>CI,
!

='&5)*0!(%-.'*!,%*'.Y4%L!d'*13*$!4*)0%*,!3*%!2'-3.%$!)&!o>Y4%*!(3*)3J2%!*%/)'&,!

8E^ODl!1).>!3!,%H+%&-%!,4%-)5)-! .'!3!43*.)-+23*!,%*'.Y4%L!N>%!*%(%*,%!4*)0%*! ),!

2'-3.%$!)&!3!-'&,%*(%$!*%/)'&A!1).>!3!,%H+%&-%!-'00'&!.'!0+2.)42%!,%*'.Y4%,L!

!

!

!



d'*13*$!6*)0%*,[!

#$;>%@d!8mB:BD!!!!!!!!!!!!!!!;lFh###N###==N#h##h##h#hh#=h#NhFCl!

#$9:;>%@d!8mB:]D!!!!!!!!!!;lF=#=N#Nhh###=#=#=#=#NNNhhNhFCl!

#$=BG>%@d!8mB:GD!!!!!!!!!!;lFh=#=#h#Nh#=#h=#h=N=NN=N#FCl!

#$=BC>%@d!8mB:UD!!!!!!    ;’-h##hh#NN==h#=#h=####NhFCl!  

!

O%(%*,%!6*)0%*[!

g&)(%*,32>%@O!8mBCWD!!!!;lF=hNNh##hh#=NhhN=hNNhhNhN=hFClL!

! !



! ""U!

!"F $%&'()*+,!"#$%&'(,2%9&(/,C'0/09&%/3*0&3(.,
!

!"F"6 !"#$%&'(,3.8%9&3:3&5,(8,9%11,13.%*,@5,81(O,95&(?%&/5,
!

=%22,!1%*%!,%%$%$!)&!:\!1%22!423.%,!3.!3!$%&,).Y!'5!:L;@"W;!-%22,!<!1%22!3&$!

)&-+J3.%$!3.!C]'=A!;X!=?:!'(%*&)/>.L!d'*!,.+$)%,!)&!.>%!#;\U!-%22!2)&%A!-%22,!1%*%!

)&5%-.%$! 1).>! *%-'0J)&3&.! 3$%&'()*32! (%-.'*,! %@4*%,,)&/! hd6! 3.! $)55%*%&.!

0+2.)42)-).)%,! '5! )&5%-.)'&A! 3&$! )&-+J3.%$! 5'*! 3! 5+*.>%*! :\! >'+*,L! d'*! d3-.'*! V!

,.+$)%,A! cT?^FC! -%22,! 1%*%! )&5%-.%$!1).>! (%-.'*,! )&! ,%*+0! 5*%%!0%$)3! 1).>! '*!

1).>'+.!>+03&!*%-'0J)&3&.!d3-.'*!V!8=30J*)$/%!I)',-)%&-%D!3.!3!-'&-%&.*3.)'&!

'5!G+/<02L!#5.%*!3&!)&-+J3.)'&!4%*)'$!'5!UW!0)&!.'!%&3J2%!()*+,!%&.*YA!-%22,!1%*%!

13,>%$! 3&$! .>%! 0%$)3! *%423-%$! 1).>! -'042%.%! PZSZ! 5'*! 3! 5+*.>%*! :\! >'+*!

)&-+J3.)'&L! #5.%*! '(%*&)/>.! )&5%-.)'&! '5! J'.>! #;\U! 3&$! cT?^FCA! -%22,! 1%*%!

13,>%$! )&! 6IcA! $%.3->%$! JY! J*)%5! .*%3.0%&.! 1).>! .*Y4,)&! ,'2+.)'&! 8N*Y4MS!

S@4*%,,A!7&().*'/%&D!3&$!4%22%.%$!JY!-%&.*)5+/3.)'&!3.!";WW/!5'*!;!0)&!)&!UB!1%22!

-2+,.%*! .+J%,! 8d),>%*! c-)%&.)5)-DL! =%22,! 1%*%! *%,+,4%&$%$! )&! :WWb2! d#=c! J+55%*!

3&$! ,3042%,! *+&! '&! 3! =Y3&! #P6! 52'1! -Y.'0%.%*! 8I%-K03&! ='+2.%*DL! N>%!

4%*-%&.3/%! '5! -%22,! %@4*%,,)&/! hd6A! 3&$! .>%! 0%3&! 52+'*%,-%&.! )&.%&,).Y! '5!

52+'*%,-%&.! -%22,! 1%*%! -32-+23.%$L! d+*.>%*! 3&32Y,),! 13,! 4%*5'*0%$! +,)&/! d2'm'!

8N*%%c.3*!7&-LDL!

!"F"! GA0.&3&0&3:%,I7L>CI,8(/,I<=,%PN/%**3(.,
!

#;\U!-%22,!)&!3!BF1%22!423.%!1%*%!)&5%-.%$!1).>!()*32!(%-.'*,!3&$!)&-+J3.%$!

5'*! :\! >'+*,! 3.! C]'=A! ;X! =?:L! ! =%22,! 1%*%! 13,>%$! )&! 6IcA! $%.3->%$! JY! J*)%5!
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23J'*3.'*Y!j:"BkA!3&$!'.>%*,!j"]:k!>3(%!,>'1&!.>3.!.>%!*3.)'!'5!%,.)03.%$!()*32!

43*.)-2%,! .'! )&5%-.)'+,!+&).,! 86[7! *3.)'D!-3&!%@>)J).! ,)/&)5)-3&.!&3.+*32!(3*)3J)2).Y!

3&$! -3&! -'&5'+&$! -'043*3.)(%! )00+&'/%&)-).Y! ,.+$)%,! 1>%&! )00+&)_3.)'&!

$',%,! 3*%! J3,%$! '&! ()*32! 43*.)-2%,L! 7&! .>),! ,.+$YA! -3*%! 13,! .3K%&! .'! 3--+*3.%2Y!

$%.%*0)&%!.>%!)&5%-.)'+,!.).%*!'5!(%-.'*!4*%43*3.)'&,L! 700+&)_3.)'&!$',%,!1%*%!

J3,%$! '&! )&5%-.)'+,! +&).,A! ,)&-%! .>),! 344*'3->! >3,! J%%&! ,>'1&! .'! -'**%-.! 5'*!

$)55%*%&-%,! )&! 6[7! *3.)'! J%.1%%&! 4*%43*3.)'&,! j:"BkL! Q%(%*.>%2%,,A! ).! ),! 3213Y,!

$%,)*3J2%! .'! 0)&)0)_%! 3,! 53*! 3,! 4',,)J2%! .>%! (3*)3J2%,! .>3.! 0)/>.! J)3,! '*!

)&.*'$+-%! 3*.)53-.,! )&.'! -'043*3.)(%! ,.+$)%,L!#,!$%,-*)J%$! )&!=>34.%*!:A! $+*)&/!

.>%!(%-.'*!4*'$+-.)'&!3!5)@%$!0+2.)42)-).Y!'5!)&5%-.)'&A!J3,%$!'&!3&!)&5%-.)'+,!+&).!

.).*3.)'&A!13,!+,%$!5'*!.>%!5)&32!,.3/%!'5!()*32!3042)5)-3.)'&!4*)'*!.'!4+*)5)-3.)'&L!

N>),! 322'1%$! 4*%43*3.)'&! '5! ,.'-K,! '5! $)55%*%&.! ()*+,%,! 1).>! (%*Y! ,)0)23*! .'.32!

Y)%2$,! 3&$! 6[7! *3.)',! 8c%-.)'&! \L:L"DL! N>),! 344*'3->! >3,! %&3J2%$! 3! *%2)3J2%!

-'043*3.)(%!3,,%,,0%&.!'5!(%-.'*! )00+&'/%&)-).Y! .'!J%!-'&$+-.%$A! .>%!*%,+2.,!

'5!1>)->!3*%!$%,-*)J%$!)&!.>%!5'22'1)&/!->34.%*L!



! ";G!

#"! I%*A1&*,

#"!"6 a=)2LF, :%9&(/*, %1393&, *AN%/3(/, 0.&34%., *N%93839, 7, 9%11, 0.),

0.&3@()5, /%*N(.*%*, 9(?N0/%), &(,C'=)HBU,=)CHYU,0.),C'=)^!F,

@0*%),:%9&(/*",

='043*3.)(%! )00+&'/%&)-).Y! ,.+$)%,! 1%*%! 4%*5'*0%$! +,)&/! S"! SC! $%2%.%$!

3$%&'()*+,!(%-.'*,!%@4*%,,)&/!.>%!0'$%2!3&.)/%&!N76%hd6!j:C:k8c%-.)'&!CL:L;DL!

#22!.>*%%!->)043&_%%!3$%&'()*+,!(%-.'*,!>3$!3!,)0)23*!S\!0'$)5)-3.)'&!8$%2%.)'&!

'5! .>%! &3.)(%! S\! 3&$! *%423-%0%&.! 1).>! E#$^F;! 6CD3EFA! d)/+*%! CL\#! -'&,.*+-.!

=>#$9:;F#D!.>'+/>!,.+$)%,!4*%,%&.%$!)&!.>%!4*%()'+,!->34.%*!>3(%!,>'1&!.>3.!

$)55%*%&-%,! )&! .>%! &3.+*%! '5! .>%! S\! 2'-+,! >3(%! &'! %55%-.! '&! )00+&'/%&)-).Y!

8c%-.)'&!CL:L;DL!Q'!0'$)5)-3.)'&!'5!.>%!S\!2'-+,!'5!E#$^F;!N76%hd6!13,!*%H+)*%$L!

700+&)_3.)'&!$',%!13,!J3,%$!'&!)&5%-.)'+,!.).%*!3,!$%.%*0)&%$!JY!%&+0%*3.)'&!

'5! ,)&/2%! hd6n! :UC! -%22,! 8c%-.)'&! :L\L\DA! ,)&-%! 3&.)F>%@'&! ,.3)&)&/! 1'+2$! J%!

)&,+55)-)%&.2Y! ,%&,).)(%! 5'*! =>#$9:;F#! 8c%-.)'&! CL:L\D! 3&$! ,)0)23*2Y! 5'*! #$=BG!

8$3.3!&'.!,>'1&DL!#&.)/%&!,4%-)5)-!N!-%22!*%,4'&,%,!1%*%!3,,%,,%$!3-*',,!3!*3&/%!

'5!$',%,A!5*'0!"WiC!.'!"WiG!)&5%-.)'+,!+&).,!.1'!1%%K,!4',.!)00+&)_3.)'&A!.>%!

4%3K!'5!.>%!%55%-.'*!=PGn!N!-%22!*%,4'&,%!j:""kL!

O%,4'&,%,! .'! I32J<-! %4).'4%,! ,+U! 8=PGnD! 3&$! 4";! 8=P\nD! )&! .>%! QF

.%*0)&32! N76! %4).'4%! ,.*)&/A! 3&$! Shd6:WWF:WG! 8=PGnD! )&! .>%! hd6! 3&.)/%&A! 1%*%!

$%.%*0)&%$! JY! 7dQFu! SM7,4'.! 8c%-.)'&! :L]L]DL! 7&! .>%! -3,%! '5! 322! %4).'4%,A! .>%!

E#$^F;! (%-.'*! %2)-).%$! 3! >)/>%*! 5*%H+%&-Y! '5! .*3&,/%&%! 4*'$+-.! ,4%-)5)-! N! -%22!

*%,4'&,%,!-'043*%$!.'!.>%!->)043&_%%!3$%&'()*+,!(%-.'*,A!43*.)-+23*2Y!3.!$',%,!

/*%3.%*!.>3&!"Wi;!)5+!8d)/+*%!\L"#F=DL!N>%!.>*%%!->)043&_%%!3$%&'()*+,!(%-.'*,!



! ";U!

)&$+-%$!-'043*3J2%!N!-%22!*%,4'&,%,!3.!%3->!$',%!.>*'+/>'+.!.>%!5)(%!2'/!*3&/%L!

O%,4'&,%,!344%3*%$!.'!*%3->!3!423.%3+!3.!"WiG!)5+L!P',%!*%,4'&,%!%@4%*)0%&.,!

1%*%!4%*5'*0%$!1).>!%3->!(%-.'*!,%43*3.%2YA!1).>!3!-'00'&!/*'+4!)00+&),%$!

1).>! "WiB! )5+! E#$^F;! N76%hd6! 8344*'@)03.%2Y! .>%! >325! 03@)032! %55%-.)(%!

-'&-%&.*3.)'&! 8S=;WD! $',%D! )&-2+$%$! .'! 3,,%,,! (3*)3J)2).Y! 3-*',,! %@4%*)0%&.,L!

N>%*%! 1%*%! &'! ,.3.),.)-322Y! ,)/&)5)-3&.! $)55%*%&-%,! )&! *%,4'&,%,! )&! .>),! -'&.*'2!

/*'+4!3-*',,!.>%!)&$)()$+32!%@4%*)0%&.,!8d)/+*%!\PDL!!

7&!3$$).)'&!.'!.>%!-'043*3.)(%!3&32Y,),!'5!N!-%22!*%,4'&,%,!)&!.>%!,42%%&A!

,%*+0! 13,! >3*(%,.%$! 5'*! 3,,%,,0%&.! '5! .*3&,/%&%! 4*'$+-.! ,4%-)5)-! 3&.)J'$Y!

)&$+-.)'&L!700+&'/2'J+2)&!h!87/hD!),!.>%!03f'*!%55%-.'*!)00+&'/2'J+2)&!),'.Y4%!

)&!J2''$!3&$!.),,+%!52+)$A!3--'+&.)&/!5'*!'(%*!];X!'5!-)*-+23.)&/!)00+&'/2'J+2)&L!

#&.)Fhd6!7/h!*%,4'&,%,!35.%*!)00+&)_3.)'&!1).>!"WiG!)5+!'5!*%-'0J)&3&.!(%-.'*!

1%*%! 0%3,+*%$! JY! SM7c#L! N).%*,! 35.%*! )00+&)_3.)'&! 1).>! E#$^F;! 1%*%! 3! 2'/!

>)/>%*! .>3&! .>',%! 35.%*! =>#$BCA! 3&$! 320',.! .1'! 2'/,! >)/>%*! .>3&! .>',%! 35.%*!

#$=BG!3&$!=>#$9:;!8d)/+*%!\L:DL!!
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! "BW!

J-816&! H(K*! ! @&%%1%#6! -7713/8&3-5-.9! /M! X=2_TP! -0! 01,&6-/6! ./! 5L-7,#3`&&!

#2&3/4-610! 4&5./60! @L=2])a! =2@]E! #32! @L=2O'P(! I32J<-! 0)-%! 8\! </*'+4D! 1%*%!

)00+&),%$! )&.*30+,-+23*2Y! 1).>! "WiC! F"WiG! )&5%-.)'+,! +&).,! '5! E#$^F;FN76%hd6A! #$=BGF

N76%hd6A! =>#$BCFN76%hd6! '*! =>#$F9:;F#! N76%hd6L! N1'! 1%%K,! 4',.! )00+&),3.)'&A! ,42%%&,!

1%*%! >3*(%,.%$! 3&$! -%22+23*! *%,4'&,%,! 3/3)&,.! =PGn! %4).'4%,! U=V! 6JUA! 3&$! UQV! Shd6A! 3&$! U@V!

=P\n! %4).'4%!6";A!1%*%! 3,,%,,%$! JY! 7dQFu!SM7c4'.L! UDV! N>%*%!13,! &'! ,)/&)5)-3&.! $)55%*%&-%! )&!

03/&).+$%!'5!.>%!Shd6!=PGn!*%,4'&,%!35.%*!"WiB!)5+!E#$^F;!N76%hd6!3-*',,!.>%!)&$)()$+32!$',%!

*%,4'&,%! 8POD! %@4%*)0%&.,L! 6[7! *3.)',! '5! (%-.'*! 4*%43*3.)'&,! 1%*%! 3,! 5'22'1,`! E#$^F;! ";LGA!

=>#$BC!:\LUA!=>#$9:;F#!"]L\"A!#$=BG!C"LBL! !h*34>,!,>'1!0%3&!*%,4'&,%!3&$!cSZL!c.3.),.)-32!

3&32Y,),!4%*5'*0%$!JY!'&%F13Y!#Q?^#A!1).>!J'&5%**'&)!4',..%,.L!#,.%*),K!8zD!)&$)-3.%,!E#$^F;!

*%,4'&,%!),!,)/&)5)-3&.2Y!>)/>%*!84{WLW;D!.>3&!322!.>*%%!=>#$!(%-.'*,L!
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! "B"!
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! "B:!

J-816&! H('*! ! X=2_TP! 4&5./60! &%-5-.! 01,&6-/6! .6#308&3&! ,6/215.! 0,&5-M-5! #3.-$/29!

.-.&60(! c%*+0!13,! -'22%-.%$! .1'!1%%K,!4',.! )00+&)_3.)'&! 5*'0!I32J<-!0)-%! 5*'0! .>%!

4*%()'+,!%@4%*)0%&.!8d)/+*%!\L"D!)00+&),%$!1).>!"WiG!)5+L!#&.)Fhd6!7/h!%&$4')&.!.).%*,!

1%*%! 0%3,+*%$! JY! SM7c#! 3/3)&,.! *%-'0J)&3&.! hd6! 4*'.%)&L! h*34>! ,>'1,! 0%3&!

*%,4'&,%L!c.3.),.)-32!3&32Y,),!JY!'&%F13Y!#Q?^#!1).>!I'&5%**'&)!4',.!.%,.L!E#$^F;!.).%*!

),!,)/&)5)-3&.2Y!/*%3.%*!.>3&!J'.>!#$=BG!3&$!=>#$9:;A!4{WLWW"!8zzzDL!
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! "BC!

#"!"! 7'%,*AN%/3(/,3??A.(4%.393&5,(8,a=)2LF,@0*%),:%9&(/*,3.,?39%,3*,

3.)%N%.)%.&,(8,&/0.*4%.%,0.&34%.,0.),?(A*%,*&/03.",

!

N>%! ,.*)K)&/! $)55%*%&-%,! )&! )00+&'/%&)-).Y! J%.1%%&! E#$^F;! 3&$! .>%!

.>*%%! ->)043&_%%! 3$%&'()*+,! (%-.'*,! 5*'0!9'&$/#$:!/.1*3'(#6! $%0'&,.*3.%$!

4*%()'+,2Y! -'+2$! 4'.%&.)322Y! >3(%! J%%&! 3! ,4%-)5)-! 5%3.+*%! '5! +,)&/! .>%! N76%hd6!

0'$%2!3&.)/%&A!'*!.>%!)&J*%$!I32J<-!,.*3)&!'5!0)-%L!!7.!13,!.>%*%5'*%!)04'*.3&.!.'!

,>'1!.>3.!.>),!*%,+2.!-'+2$!J%!*%4%3.%$!+,)&/!'.>%*!(3--)&%!3&.)/%&,A!43*.)-+23*2Y!

.>',%!$%,.)&%$!5'*!-2)&)-32!3442)-3.)'&L!

#&.)/%&! G;#! ),! 3! 2%3$)&/! -3&$)$3.%! 3&.)/%&! 5'*! ,+J+&).! (3--)&%,! 3/3)&,.!

NO).+$)"!3*'&# 2'+!3)'%.(*(L! Z^#G;#! j:\CkA! 3! *%-'0J)&3&.! 0'$)5)%$! ^3--)&)3!

()*+,!#&K3*3!8Z^#D!J3,%$!(%-.'*!%@4*%,,)&/!3&.)/%&!G;#!),!-+**%&.2Y!)&!6>3,%!777!

-2)&)-32! %55)-3-Y! .*)32,! )&!c'+.>!#5*)-3A! 3&$! ),! .>%*%5'*%! .>%!0',.! 3$(3&-%$!ZNI!

(3--)&%! -3&$)$3.%! )&! -2)&)-32! $%(%2'40%&.! ,)&-%! .>%! $%42'Y0%&.! '5! I3-)22+,!

=320%..%Fh+}*)&A!8I=hDL!E#$^F;!3&$!=>#$?V"!8=>#$9:;FSD!J3,%$!*%-'0J)&3&.!

(%-.'*,! %@4*%,,)&/! 3&.)/%&! G;#! 1%*%! -'&,.*+-.%$! 5'*! -'043*3.)(%!

)00+&'/%&)-).Y!,.+$)%,L!N>%!6K!8^;D!S4).'4%!N3/!8hT676Q6MMhMPcND!13,!5+,%$!

.'! .>%!=F.%*0)&+,!'5!G;#A!%&3J2)&/!.*3&,/%&%!%@4*%,,)'&! */#1*"3.#.'!J%!$%.%-.%$!

+,)&/!3!^;!0'&'-2'&32!3&.)J'$YL!N>),!%&3J2%$!-'&5)*03.)'&!.>3.!.).*3.)'&!'5!J'.>!

(%-.'*,!13,! %H+322Y! ,%&,).)(%!JY! 3&.)F>%@'&! 3&$! 3&.)F^;! )00+&',.3)&)&/! 8$3.3!

&'.!,>'1&DL!?&-%!3/3)&A!.>%!E#$^F;!G;#!(%-.'*!$%2)(%*%$!>)/>%*!5*%H+%&-Y!N!-%22!

*%,4'&,%,! .1'!1%%K,!4',.! )00+&),3.)'&A!J'.>!3/3)&,.! .>%!=PGn!84""D!%4).'4%A!

3&$!=P\n!84";D!%4).'4%!8d)/+*%!\LCDL!!



! "B\!

N>%!=>#$?V"!(%-.'*!>3,!J%%&!,>'1&!.'!%2)-).!-'043*3J2%!03/&).+$%,!'5!

.*3&,/%&%!4*'$+-.! ,4%-)5)-! N! -%22! *%,4'&,%,! .'! %@),.)&/! ->)043&_%%! 3$%&'()*+,!

(%-.'*,!)&!0)-%!8d)/+*%!\L"DA!3&$!>3,!2'1!>+03&!,%*'4*%(32%&-%!8d)/+*%!CL]DL!7.!),!

32,'! 5*%%! 5*'0! -'00%*-)32! '1&%*,>)4A! 3&$! >3,! .>%*%5'*%! J%-'0%! 3&! 3..*3-.)(%!

(%-.'*! 5'*! -2)&)-32! 3442)-3.)'&! 3.! .>%! g&)(%*,).Y! '5! ?@5'*$L! 7&52+%&_3! (3--)&%!

=>#$?V"!Q6nZ"A! )&!1>)->! .>%! *%-'0J)&3&.! (%-.'*! %&-'$%,! .>%! &+-2%'4*'.%)&!

3&$! Z3.*)@F"! 4*'.%)&,! 5*'0! 7&52+%&_3! #A! *%-%&.2Y! J%-30%! .>%! 5)*,.! =>#$?V"!

J3,%$!(%-.'*!.'!%&.%*!.*)32,!)&!>+03&,!8h)2J%*.!!"#$%A!03&+,-*)4.!)&!4*%43*3.)'&DL!

6*)'*! .'! .>%!-2)&)-32! ,.+$YA! )00+&'/%&)-).Y!'5! .>%!=>#$?V"!Q6nZ"!(%-.'*!13,!

-'043*%$!.'!3!,)0)23*!E#$^F;!J3,%$!(%-.'*!)&!0)-%!8d)/+*%!\L\DL! !^%-.'*,!1%*%!

.).%*%$! +,)&/! .>%! >%@'&! )00+&',.3)&)&/! 3,,3YA! 3&$! d)/+*%CL;FI! 5*'0! .>%!

4*%()'+,! ->34.%*A! )&$)-3.%,! .>3.! .>%! 3,,3Y! ,%&,).)().Y! ),! -'043*3J2%! J%.1%%&!

Q6nZ"! 3&$! hd6! %@4*%,,)&/! (%-.'*,! =>#$?V"! (%-.'*,A! 3&$! >%&-%! J%.1%%&!

=>#$?V"! 8=>#$9:;FSD! 3&$! E#$^F;! 8d)/+*%CL;F#DL! c42%%&! 7dQF!! SM7c4'.!

*%,4'&,%,!3/3)&,.!$'0)&3&.!=PGn!N!-%22!%4).'4%!N9pONO#M^!1%*%!-'043*3J2%!

J%.1%%&!.>%!.1'!(%-.'*,!3.!.>%!>)/>%*!$',%,`!.>%!$',%!*%,4'&,%!-+*(%!344%3*%$!

.'! 423.%3+! 3.! "Wi]! )&5%-.)'+,! +&).,L! E'1%(%*A! 3.! 3! 2'/! 2'1%*! $',%! '5! "WiB!

)&5%-.)'+,! +&).,A! *%,4'&,%,! )&$+-%$! JY! .>%! E#$^F;! (%-.'*! 1%*%! ,)/&)5)-3&.2Y!

,+4%*)'*!.'!.>%!=>#$?V"!(%-.'*!8d)/+*%!\L\DL!

d)&322YA! 3! ,.+$Y! -'043*)&/! )00+&'/%&)-).Y! '5! E#$^F;A! =>#$BC! 3&$!

=>#$?V"! 8=>#$9:;FSD! (%-.'*,! %@4*%,,)&/! .>%! N76%hd6! 0'$%2! 3&.)/%&! 13,!

4%*5'*0%$!)&!3&!32.%*&3.)(%!)&J*%$!0'+,%!,.*3)&A!=;]IM<BL!!c7^F/3/A!3!$'0)&3&.!

=PGn!%4).'4%!)&!=;]IM<B!4*%,%&.!1).>)&!.>%!QF.%*0)&32!N76!%4).'4%!,.*)&/!13,!

+,%$!.'!3,,%,,!=PGn!N!-%22!*%,4'&,%,!8c%-.)'&!:L]L]DL!#.!.>%!2'1%*!$',%!'5!"WiB!

)5+A! E#$^F;! '&-%! 3/3)&! %2)-).%$! 3! ,+4%*)'*! 0%3&! 7dQF!! SM7c4'.! *%,4'&,%! )&!



! "B;!

-'043*),'&! .'! =>#$BC! 3&$! =>#$?V"! (%-.'*,A! .>'+/>! .>%! $)55%*%&-%! 13,! &'.!

,.3.),.)-322Y! ,)/&)5)-3&.! 8d)/+*%! \L;#DL! Z'*%! ,.*)K)&/2YA! '&2Y! (%-.'*! E#$^F;!

N76%hd6! /%&%*3.%$! 3! $%.%-.3J2%! .*3&,/%&%! 4*'$+-.! ,4%-)5)-! 7/h! 3&.)J'$Y!

*%,4'&,%! 8d)/+*%! \L;IDL! a>)2%! E#$^F;! N76%hd6! /%&%*3.%$! 3! *'J+,.! 3&.)Fhd6!

3&.)J'$Y!*%,4'&,%A!0)-%!)00+&),%$!1).>!=>#$BC!3&$!=>#$?V"!(%-.'*,!53)2%$!.'!

,%*'-'&(%*.L!!

7&! -'&-2+,)'&A! .>%! ,+4%*)'*! 3J)2).Y! '5! E#$^F;! J3,%$! (%-.'*,! .'! /%&%*3.%!

.*3&,/%&%! 4*'$+-.! ,4%-)5)-! %55%-.'*! N! -%22! 3&$! 3&.)J'$Y! )&! -'043*),'&! .'!

->)043&_%%! 3$%&'()*+,! (%-.'*,! 5*'0! ,4%-)%,! 9'&$/# $:!/.1*3'(# 6! ),!

)&$%4%&$%&.!'5!.>%!%4).'4%A!.*3&,/%&%A!3&$!)&J*%$!0'+,%!,.*3)&!,.+$)%$L!!

! !



! "BB!
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p11 (CD8) response
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J-816&!H()*!X=2_TP!4&5./60!&\,6&00-38!#3.-8&3!EP=!&%-5-.!01,&6-/6!#3.-8&3!0,&5-M-5!

@DEF! #32! @DHF! "! 5&%%! 6&0,/30&0! 5/7,#6&2! ./! @L=2<[K(! I32J<-! 0)-%! 1%*%!

)00+&),%$!)&.*30+,-+23*2Y!1).>!E#$^F;!G;#!'*!=>#$?V"!G;#!(%-.'*,!3.!$',%,!*3&/)&/!

5*'0! "WiB! .'! "WiG! )5+! 8)&5%-.)().Y! .).%*! JY! >%@'&! )00+&',.3)&)&/DL! ! c42%%&,! 1%*%!

>3*(%,.%$!.1'!1%%K,!4',.!)00+&)_3.)'&A!3&$!N!-%22!*%,4'&,%,!3/3)&,.!U=V!=PGn!%4).'4%!

,""! 3&$! UQV! =P\n! %4).'4%! 6";!1%*%!0%3,+*%$! JY! 7dQFu! SM7c4'.L! h*34>,! ,>'1!0%3&!

*%,4'&,%!3&$!cSZL! c.3.),.)-32! 3&32Y,),!4%*5'*0%$!JY!'&%!13Y!#Q?^#!1).>!I'&5%**'&)!

4',.!.%,.L!zz4{WLW"A!zzz4{WLWW"!!
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p15 (CD4) response
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! "B]!

!
FLU ELISpot response
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J-816&! H(H*! X=2_TP! 4&5./60! &\,6&00-38! ;3M%1&3`#! =! #3.-8&30! 315%&/,6/.&-3! U>:V!

#32! W#.6-\! K! UWKV! &%-5-.! L-8L&6! M6&N1&35-&0! /M! #3.-8&3! 0,&5-M-5! @DEF! "! 5&%%0!

5/7,#6&2! ./! @L=2<[K! #.! -3.&67&2-#.&! 2/0&(! I32J<-! 0)-%! 1%*%! )00+&),%$!

)&.*30+,-+23*2Y!1).>!E#$^F;!Q6nZ"!'*!=>#$?V"!Q6nZ"!(%-.'*,!3.!$',%,!*3&/)&/!5*'0!"WiG!w!

"WiB! )&5%-.)'+,! +&).,! 8>%@'&! )00+&',.3)&)&/DL! ! c42%%&,! 1%*%! >3*(%,.%$! .1'! 1%%K,! 4',.!

)00+&)_3.)'&A! 3&$! N! -%22! *%,4'&,%,! 3/3)&,.! $'0)&3&.! =PGn! N! -%22! %4).'4%! N9pONO#M^# 8Q6!

*%,)$+%,! "\]F";;D#1%*%! 0%3,+*%$! JY! 7dQFu! SM7c4'.L! h*34>! ,>'1,! 0%3&! *%,4'&,%! 3&$! cSZL!

c.3.),.)-32!3&32Y,),!4%*5'*0%$!JY!'&%F13Y!#Q?^#!1).>!I'&5%**'&)!4',.!.%,.L!zzz4{WLWW"!
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! "BG!

!
GFP ELISA (C57/Bl6)
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J-816&! H(P*! X=2_TP! 4&5./60! 2&%-4&6! L-8L&6! M6&N1&35-&0! /M! .6#308&3&! ,6/215.!

0,&5-M-5!6&0,/30&0!-3!@P^QbG]!7-5&(!=;]IM<B!0)-%!1%*%!)00+&),%$!)&.*30+,-+23*2Y!1).>!

"WiG!'*!"WiB!)5+!'5!E#$^F;A!=>#$BC!'*!=>#$?V"!(%-.'*,!%@4*%,,)&/!N76%hd6L!7&5%-.)().Y!.).%*,!

1%*%!0%3,+*%$!JY!hd6!5'-+,!3,,3YL!U=V!c42%%&,!1%*%!>3*(%,.%$!.1'!1%%K,!4',.! )00+&)_3.)'&A!

3&$! N! -%22! *%,4'&,%,! .'! $'0)&3&.! =PGn! %4).'4%! c7^F/3/!1%*%!0%3,+*%$! JY! 7dQFu! SM7c4'.L! Q'!

,.3.),.)-322Y! ,)/&)5)-3&.! $)55%*%&-%,! J%.1%%&! /*'+4,! JY! '&%F13Y! #Q?^#L! UQV! #&.)Fhd6! 7/h!

3&.)J'$)%,!1%*%!0%3,+*%$!)&!,%*3!'5!0)-%! )00+&),%$!1).>!"WiG!)5+!'5!*%-'0J)&3&.!(%-.'*!.1'!

1%%K,!4',.! )00+&)_3.)'&!JY!hd6!SM7c#L!P3,>%$! 2)&%! )&$)-3.%,! 2)0).! '5!$%.%-.)'&L!h*34>,! ,>'1!
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! "BU!

#"!"B 7'%,?04.3&A)%, (8, &'%, %88%9&(/, C;Yb, 7, 9%11, /%*N(.*%, %1393&%), @5,

a=)2LF,@0*%),:%9&(/*,N%0K*,10&%/,0.),3*,?(/%,)A/0@1%,9(?N0/%),

&(,*N%93%*,X,9'3?N0.]%%,0)%.(:3/A*,:%9&(/*",

!

N>%!4*%()'+,!)00+&'/%&)-).Y!,.+$)%,!>3$!322!J%%&!4%*5'*0%$!.1'!1%%K,!

4',.! )00+&)_3.)'&A!/%&%*322Y!-'&,)$%*%$! .'!J%!3.!'*!&%3*! .>%!4%3K!'5! .>%!=PGn!

%55%-.'*! N! -%22! *%,4'&,%! 35.%*! 3$%&'()*+,! (%-.'*! 3$0)&),.*3.)'&! j"UUA:""kL!

E'1%(%*A!).!13,!)04'*.3&.!.'!.%,.!.>%!>Y4'.>%,),!.>3.!.>%!'J,%*(%$!,+4%*)'*).Y!'5!

E#$^F;! J3,%$! (%-.'*,! -'+2$! ,)042Y! J%! $+%! .'! $)55%*%&-%,! )&! K)&%.)-! '5! .>%!

)00+&%! *%,4'&,%L! N>%! K)&%.)-! '5! .>%! =PGn! %55%-.'*! N! -%22! *%,4'&,%! 5'*! %3->!

(%-.'*! 13,! 0'&).'*%$! JY! J2''$! ,3042)&/! 5*'0! .>%! ,30%! )&$)()$+32,! 3.! .)0%!

4')&.,! +4! .'! %)/>.!1%%K,!4',.! (3--)&3.)'&L! 7&.*3-%22+23*! -Y.'K)&%! ,.3)&)&/! 87=cD!

3&$!52'1!-Y.'0%.*Y!13,!4%*5'*0%$!'&!J2''$!,3042%,!.'!3,,%,,!3&.)/%&!,4%-)5)-!

%55%-.'*! *%,4'&,%,L! 6*%()'+,! ,.+$)%,A! )&-2+$)&/! .>',%! 5*'0!'+*! '1&! 23J'*3.'*YA!

>3(%! )&$)-3.%$! .>3.! -'&-2+,)'&,! $*31&! 5*'0! 3,,%,,0%&.! '5! N! -%22! *%,4'&,%,! )&!

.>%!J2''$!3&$!,42%%&!3*%!/%&%*322Y!-'&,),.%&.!j:""A:\\kL!d)/+*%!\LB!)&$)-3.%,!.>3.!

3.! .>%! >)/>! $',%! '5! "WiG! )5+! .>%! E#$^F;! J3,%$! (%-.'*! 03)&.3)&,! ,+4%*)'*!

.*3&,/%&%! 4*'$+-.! ,4%-)5)-! =PGn! N! -%22! *%,4'&,%,! .>*'+/>'+.! .>%! %)/>.! 1%%K!

4%*)'$! 4',.! (3--)&3.)'&L! 7&! 3$$).)'&A! .>%! 4%3K! '5! .>%! %55%-.'*! *%,4'&,%! 35.%*!

E#$^F;!3$0)&),.*3.)'&!),!23.%*!.>3&!35.%*!=>#$!(%-.'*!)00+&)_3.)'&A!3&$!)&$%%$!

.>%! $)55%*%&-%! )&! .>%! 03/&).+$%,! '5! *%,4'&,%,! ),! /*%3.%*! .>*%%! 1%%K,! 4',.!

)00+&),3.)'&!-'043*%$!.'!.1'!1%%K,!8.>%!)&.%*(32!5'*!.>%!4*%()'+,!,.+$)%,DL!!#.!

.>%! 2'1%*!$',%!'5!"WiB! )5+A!=PGn!%55%-.'*!*%,4'&,%,!%2)-).%$!JY!322! 5'+*!(%-.'*,!



! "]W!

5'22'1! 3! ,)0)23*! K)&%.)-! 1).>! .>%! E#$^F;! J3,%$! (%-.'*! .*%&$)&/! .'! ,+4%*)'*).Y!

1).>'+.!,.3.),.)-32!,)/&)5)-3&-%!8)&!3/*%%0%&.!1).>!d)/+*%!\L"DL!

#&.)/%&! %@4%*)%&-%$! =PGn! N! -%22,! %@>)J).! ,+J,.3&.)32! >%.%*'/%&%).Y! */#

1*1.`! $)55%*)&/! )&! -Y.'.'@)-! 4'.%&.)32A! -Y.'K)&%! ,%-*%.)&/! 3J)2).YA! 2'&/%().YA! 3&$!

3&3.'0)-32! 2'-32)_3.)'&! j:\;A:\BkL! N>%! 4>%&'.Y4%! 3&$! 5+&-.)'&32).Y! '5! =PGn! N!

-%22,A! 4*)0%$! )&! ,%-'&$3*Y! 2Y04>')$!'*/3&,A! -3&!J%! )&52+%&-%$!JY!3!&+0J%*!'5!

53-.'*,!)&-2+$)&/!.>%!&3.+*%!'5!.>%!3&.)/%&!4*%,%&.)&/!-%22A!2'-32!-Y.'K)&%!0)2)%+A!

3&$! .>%! 4'23*).Y! '5! =P\n! N! >%24%*! 8NED! *%,4'&,%L! E'1%(%*A! '5! 43*.)-+23*!

)04'*.3&-%! )&!.>%!/%&%*3.)'&!'5!3! 23,.)&/!0%0'*Y!*%,4'&,%! ),! .>%!,.*%&/.>!3&$!

$+*3.)'&! '5! 3&.)/%&! %&-'+&.%*L! I3->03&&! !"#$%! j:\;k! >3(%! -3.3/'*)_%$! 3&.)/%&!

%@4%*)%&-%$!=PGn!N!-%22,!)&.'!.>*%%!03)&!,+J,%.,!3--'*$)&/!.'!%@4*%,,)'&!'5!.>%!

2Y04>! &'$%! >'0)&/! *%-%4.'*! =PB:M! 3&$! .>%! 7MF]! *%-%4.'*! =P":]L! N>%,%! .1'!

03*K%*,! >3(%! J%%&! +,%$! .'! J*'3$2Y! $%5)&%! -%&.*32! 0%0'*Y! N! -%22,!

8=PB:Mn=P":]nDA!%55%-.'*!0%0'*Y!N!-%22,!8=PB:MF=P":]nDA!3&$!%55%-.'*!N!-%22,!

8=PB:MF=P":]FDL! S55%-.'*! =PGn! N! -%22,! 8NSddD! >3(%! ,+4%*)'*! -Y.'2Y.)-! 4'.%&.)32!

3&$!-Y.'K)&%!,%-*%.)&/!-343-).Y!J+.!>3(%!3!,>'*.!>325!2)5%!3&$!2)0).%$!4*'2)5%*3.)(%!

-343-).YL! S55%-.'*! 0%0'*Y! N! -%22,! 8NSZD! >3(%! 3! 2'&/%*! >325! 2)5%! 3&$! %&>3&-%$!

4*'2)5%*3.)(%! 4'.%&.)32! -'043*%$! .'! NSdd! -%22,! J+.! 03Y! >3(%! *%$+-%$! -Y.'2Y.)-!

4'.%&.)32L! =%&.*32! 0%0'*Y! N! -%22,! 8N=ZD! 3*%! 2'-3.%$! 03)&2Y! )&! ,%-'&$3*Y!

2Y04>')$!'*/3&,!$+%!.'!+4*%/+23.)'&!'5!=PB:MA!3&$!>3(%!,+4%*)'*!4*'2)5%*3.)(%!

-343-).Y!J+.!*%$+-%$!-Y.'2Y.)-!3&$!-Y.'K)&%!,%-*%.)&/!4'.%&.)32!-'043*%$!.'!.>%!

NSdd! 3&$! NSZ! ,+J,%.,L! O%$+-.)'&! )&! 3&.)/%&! 2'3$! >3,! J%%&! 3,,'-)3.%$! 1).>! 3!

-'&.*3-.)'&! '5! .>%! NSdd! =PGn! *%,4'&,%! .'!0%0'*Y! NSZ! 3&$! N=Z! -%22,A! 1>%*%3,!

3&.)/%&!4%*,),.%&-%!2%3$,!.'!03)&.%&3&-%!'5!.>%!NSdd!4'4+23.)'&L!!



! "]"!

P+%! .'! .>%! 03*K%$! $)55%*%&-%,! )&! =PGn! %55%-.'*! N! -%22! K)&%.)-! J%.1%%&!

$)55%*%&.!3$%&'()*+,!(%-.'*,!3.!.>%!>)/>!"WiG!)5+!$',%A!.>%!0%0'*Y!4>%&'.Y4%!'5!

)&$+-%$!=PGn!N! -%22,! 5*'0! .>%! 4*%()'+,! K)&%.)-! ,.+$Y!13,! )&(%,.)/3.%$L! d)/+*%!

\L]!)&$)-3.%,!.>3.A!1>)2%!7dQFun!=PGn!N!-%22,!3*%!4>%&'.Y4)-322Y!,)0)23*!J%.1%%&!

/*'+4,A!E#$^F;!$'%,!03)&.3)&!3!,2)/>.2Y!%2%(3.%$!4'4+23.)'&!'5!NSdd!-%22,!+4! .'!

5)(%!1%%K,!4',.! )00+&),3.)'&!-'043*%$! .'!=>#$BC!3&$!=>#$?V"!(%-.'*,L!N>%!

,)/&)5)-3&-%!'5!.>),!*%,+2.!1)22!J%-'0%!-2%3*!)&!.>%!5'22'1)&/!->34.%*!8=>34.%*!;DL!

IY!%)/>.!1%%K,!4',.!)00+&),3.)'&A!.>%!*%23.)(%!4*'4'*.)'&!'5!NSdd!3&$!NSZ!-%22,!),!

,)0)23*!J%.1%%&!322!.>*%%!(%-.'*,L!N>%!4*'4'*.)'&!'5!N=Z!-%22,!'J,%*(%$!13,!(%*Y!

2'1A!J+.!.>),!13,!.'!J%!%@4%-.%$!,)&-%!,3042)&/!13,!4%*5'*0%$!)&!J2''$!3&$!.>%!

03f'*).Y!'5!=PGn!N=Z!-%22,!*%,)$%!)&!,%-'&$3*Y!2Y04>')$!'*/3&,!j:\BkL!!
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J-816&! H(]*! @DEF! "! 5&%%! c-3&.-5! 2-MM&60! d-.L! 4&5./6! 0&6/.9,&(!I32J<-!0)-%! 8B</*'+4D!

1%*%! )00+&),%$! )&.*30+,-+23*2Y!1).>!%).>%*!U=V! "WiG! )5+!'*!UQV! "WiB! )5+!'5!E#$^F;A!=>#$BCA!

#$=BG!'*!=>#$?V"!(%-.'*,!%@4*%,,)&/!.>%!0'$%2!3&.)/%&!N76%hd6L!I2''$!13,!-'22%-.%$!'&!$3Y,!

":A!:"A!CBA!3&$!;B!4',.!(3--)&3.)'&!3&$!.>%!4%*-%&.3/%!'5!,+M! ,4%-)5)-!=PGn!7dQF!n!N!-%22,!13,!

$%.%*0)&%$! JY! )&.*3-%22+23*! -Y.'K)&%! ,.3)&)&/! 87=cDL! h*34>,! $),423Y! 0%3&! 3&$! cSZL! c.3.),.)-32!

3&32Y,),! 13,! 4%*5'*0%$! JY! '&%F13Y! #Q?^#! 1).>! I'&5%**'&)! 4',.! .%,.L! c.3.),.)-32! ,)/&)5)-3&-%!

)&$)-3.%$! 1>%*%! E#$^F;! *%,4'&,%,! 3*%! ,)/&)5)-3&.2Y! /*%3.%*! .>3&! 322! .>*%%! =>#$! (%-.'*,L!!
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! "]C!

J-816&! H(^*! "L&! @DEF!"! 5&%%!7&7/69! ,L&3/.9,&! 2-MM&60! #M.&6! -7713-0#.-/3!d-.L!

X=2_TP!#32!@L=2!$#0&2!4&5./60(!,+U!,4%-)5)-!7dQFun!=PGn!N!-%22,!,>'1&!)&!d)/+*%!\LB!

1%*%!,.3)&%$!5'*!%@4*%,,)'&!'5!,+*53-%!03*K%*,!=P":]!3&$!=PB:M!.'! )&$)-3.%!0%0'*Y!

4>%&'.Y4%L!O%23.)(%!4%*-%&.3/%,!'5!,+U!,4%-)5)-!7dQFun!=PGn!NSdd!3&$!NSZ!-%22,!'&!$3Y,!

":A!C;!3&$!;B!4',.!)00+&)_3.)'&!3*%!,>'1&!J%2'1L!M%,,!.>3&!"X!'5!,+U!,4%-)5)-!=PGn!N!

-%22,!$),423Y%$!3!N=Z!4>%&'.Y4%!8$3.3!&'.!,>'1&DL!I3*,!,>'1!0%3&!3&$!cSZL!c.3.),.)-32!

3&32Y,),!4%*5'*0%$!JY!'&%F13Y!#Q?^#!1).>!I'&5%**'&)!4',.!.%,.L!z4{WLW;!
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! "]\!

#"!"# C;Yb, 7, 9%11*, 3.)A9%), @5, a=)2LF, 0.), C'=), @0*%), :%9&(/*, 0/%,

*3?310/,3.,8A.9&3(.013&5,(8,95&(K3.%,*%9/%&3(.",

N>+,!53*A!.>%!3J)2).Y!'5!.*3&,/%&%!4*'$+-.!,4%-)5)-!=PGn!N!-%22,!.'!,%-*%.%!

.>%!4*'F)&523003.'*Y!-Y.'K)&%!7dQFu!>3,!J%%&!.>%!'&2Y!43*30%.%*!+,%$!.'!3,,%,,!

.>%!%55%-.'*!5+&-.)'&!'5!(3--)&%!)&$+-%$!=PGn!N!-%22,L!P%,4).%!.>%!)04'*.3&-%!'5!

.>),!-Y.'K)&%!)&!.>%!$%(%2'40%&.!'5!3&!%55%-.)(%!N!-%22!*%,4'&,%!8c%-.)'&!"LCLCL:D!
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Transduction efficiency in A549 cells
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Transduction efficiency in HEK293 cells
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GFP transduction
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O%-%&.2YA! 3&! 32.%*&3.)(%!0%->3&),0!'5! >%43.'-Y.%! -%22! %&.*Y! 5'*!E#$^F;!

>3,!J%%&!$%,-*)J%$!)&('2()&/!.>%!J2''$!-'3/+23.)'&!53-.'*A!d3-.'*!V!8dVDL!d3-.'*!

V! >3,! J%%&! ,>'1&! .'! )&.%*3-.! 1).>! .>%! 3$%&'()*32! -34,)$! '5! E#$^F;! .>*'+/>!

*%,)$+%,! '&! .>%! >Y4%*F(3*)3J2%! *%/)'&,! '&! .>%! >%@'&A! 5'*0)&/! 3! 0'2%-+23*!

oJ*)$/%l! J%.1%%&! .>%! -34,)$! 3&$! >%43*3&! ,+24>3.%! /2Y-',30)&'/2Y-3&,! '&! .>%!

>%43.'-Y.%! ,+*53-%! j":WA:]]kL! N>'+/>! .>%*%! ),! %()$%&-%! .>3.! .>),! )&.%*3-.)'&! ),!

&'.! )04'*.3&.! )&! 3$%&'()*+,! )&5%-.)'&! '5! 0+,-2%! .),,+%! j":WkA! ).! 03Y! ,.)22! J%!

*%2%(3&.!.'!(3--)&%!>%43.'.'@)-).Y!,)&-%!)&.*30+,-+23*!)&f%-.)'&!)&(3*)3J2Y!2%3$,!

.'!3!$%/*%%!'5!,Y,.%0)-!$),,%0)&3.)'&L!!

N>%!%55)-)%&-Y!'5!dV!0%$)3.%$! )&5%-.)().Y!13,!3,,%,,%$! */#1*"3.A!+,)&/!.>%!

>+03&! '(3*)3&! -3*-)&'03! -%22! 2)&%A! cT?^FC! 3&$! 4>Y,)'2'/)-32! 423,03!

-'&-%&.*3.)'&,! '5! *%-'0J)&3&.! dV! j":WkL! d)/+*%! ;L\! $%0'&,.*3.%,! .>3.! .>%!

4*%,%&-%!'5! dV!>3,!&'! %55%-.! '&! %55)-)%&-Y!'5! =>#$?V"! .*3&,$+-.)'&! )&! cT?^FC!

-%22,L!7.!1'+2$!.>%*%5'*%!,%%0!2)K%2Y!.>3.!.>%!>%@'&!4*'.%)&!'5!=>#$?V"!$'%,!&'.!

J)&$!.>),!-'3/+23.)'&!53-.'*L!E#$^F;!.*3&,$+-.)'&!),!,)/&)5)-3&.2Y!)04*'(%$!)&!.>%!

4*%,%&-%!'5!dV!)&!3/*%%0%&.!1).>!4*%()'+,!,.+$)%,!j":WkA!.>'+/>!)&.%*%,.)&/2Y!)&!

.>%!3J,%&-%!'5!dVA!.*3&,$+-.)'&!'5!cT?^FC!-%22,!),!2%,,!%55)-)%&.!1).>!E#$^F;!.>3&!
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F"!"B !"# $%$(, &/0.*4%.%, %PN/%**3(., 3*, *AN%/3(/, 08&%/, a=)2LF,

0)?3.3*&/0&3(., 3., ?39%U, 0.), 9(//%10&%*, O3&', &/0.*4%.%, N/()A9&,

*N%93839,3??A.%,/%*N(.*%*,
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c%-.)'&! ;L:L"! $%0'&,.*3.%$! .>3.! E#$^F;! (%-.'*,! .*3&,$+-%! #;\U! -%22,!

0'*%!%55)-)%&.2Y!.>3&!=>#$?V"A! )&!3!0%->3&),0!.>3.!03Y!)&('2(%!=#O!*%-%4.'*!

%&/3/%0%&.L! c)&-%! E#$^F;! ),! 32,'!0'*%! )00+&'/%&)-! .>3&! =>#$?V"! )&!0)-%A!

-'+2$!.>%!,+4%*)'*!.*3&,$+-.)'&!%55)-)%&-Y!'5!E#$^F;!)&!#;\U!-%22,!J%!*%23.%$!.'!
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E#$^F;! .>*'+/>! .*3&,5%-.)'&! '5! =>)&%,%! >30,.%*! '(3*Y! 8=E?D! -%22,! 1).>! =#O!

-PQ#! j"WBkL! E'1%(%*A! .>%! */# 1*1.! ,)/&)5)-3&-%! '5! .>),! *%-%4.'*! )&.%*3-.)'&! >3,!
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'*.>'2'/! ),! ,2)/>.2Y! $)55%*%&.! 5*'0! .>%! >+03&! '*.>'2'/! 8GCX! )$%&.).YDA! 1).>! 3!
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F"!"# XP9'0.4%,(8,&'%,83@%/,N/(&%3.,@%&O%%.,C'=)`c6,0.),a=)2LF, 3*,

*A88393%.&, &(, %.0@1%, %WA3:01%.&, &/0.*)A9&3(., %88393%.95, 3., =F#Z,

9%11*",

Q/# 1*"3.! ,.+$)%,! 4*%,%&.%$! 3J'(%! ,>'1! .>3.! 3! ,)/&)5)-3&.! $)55%*%&-%! )&!

.*3&,$+-.)'&! %55)-)%&-Y! %@),.,! J%.1%%&!E#$^F;! 3&$! =>#$! (%-.'*,! 5*'0!9'&$/#

$:!/.1*3'(#6!)&!#;\U!-%22,L!8c%-.)'&!;L:L"D!N>%!0%->3&),0!),!>Y4'.>%,)_%$!.'!J%!

()3! 3! $)55%*%&-%! )&! 355)&).Y! '5! .>%! 5)J%*! 4*'.%)&! 5'*! .>%!=#O! *%-%4.'*A! %@4*%,,%$!

3J+&$3&.2Y! '&! #;\U! -%22,L! N>),! >3,! &'.! J%%&! 5'*0322Y! .%,.%$! 5'*! =>#$?V"!

.>*'+/>!.>%!+,%!'5!=E?F=#O!-%22,A!J+.!*%23.%$!(%-.'*!=>#$BC!$)$!%@>)J).! 2'1%*!

.*3&,$+-.)'&! %55)-)%&-Y! -'043*%$! .'! E#$^F;! )&! .>%,%! -%22,! 8P3()$! aY22)%A!

+&4+J2),>%$!$3.3DL!Q/#1*1.!,.+$)%,!4*%,%&.%$!3J'(%!-'&5)*0%$!.>3.!.*3&,$+-.)'&!

%55)-)%&-Y! 35.%*! )&.*30+,-+23*! )&f%-.)'&! )&!0)-%! ),! 32,'! $)55%*%&.! J%.1%%&! .>%,%!

(%-.'*,A!3&$!.>%!(%-.'*!$),423Y)&/!.>%!0',.!%55)-)%&.!.*3&,$+-.)'&!*/#1*1.A!E#$^F

;A! %2)-).,! .*3&,/%&%! 4*'$+-.! ,4%-)5)-! )00+&%! *%,4'&,%,! '5! ,+4%*)'*!03/&).+$%!

.>3&!.>',%!'J.3)&%$!+,)&/!=>#$BC!'*!=>#$?V"!)&!3/*%%0%&.!1).>!.>%!4*%()'+,!

->34.%*L!N>%,%!*%,+2.,!3*%!-'&,),.%&.!1).>!3&! )04'*.3&.!*'2%! 5'*! 5)J%*F0%$)3.%$!

)&5%-.)().Y!'5!(%-.'*,!)&!.>%!)&$+-.)'&!'5!4'.%&.!(3--)&%!*%,4'&,%,!*/#1*1.L!

g,)&/! I#=! *%-'0J)&%%*)&/! .%->&'2'/YA! .>%! =F.%*0)&32! ,>35.! 3&$! K&'J!

$'03)&,!'5! .>%!=>#$?V"! 5)J%*!1%*%! *%423-%$!1).>! .>%! -'**%,4'&$)&/!$'03)&,!

5*'0!E#$^F;A! )&!'*$%*! .'!$%.%*0)&%!1>%.>%*! .>%!$)55%*%&-%! )&! ,.*+-.+*%!'5! .>%!

5)J%*! 4*'.%)&! 13,! 4*)03*)2Y! *%,4'&,)J2%! 5'*! .>%! $)55%*%&-%! )&! )00+&'/%&)-).Y!

J%.1%%&! .>%,%!(%-.'*,! 8c%-.)'&!:LCL\DL! ! d)J%*!4*'.%)&,!'5! 322! >+03&!3$%&'()*+,!

,%*'.Y4%,! ,>3*%! 3! -'00'&! 3*->).%-.+*%[! 3&! QF.%*0)&32! .3)2! $'03)&! 53-)2).3.)&/!



! :WG!

3..3->0%&.! .'! .>%! -34,)$`! 3! 52%@)J2%! ,>35.! $'03)&! -'04',%$! '5! *%4%3.)&/!

,%H+%&-%,A! 3&$! 3! =F.%*0)&32! /2'J+23*! K&'J! $'03)&! 5'*! 0%$)3.)&/! *%-%4.'*!

)&.%*3-.)'&,! j:GCkL! P+*)&/! -'&,.*+-.)'&! '5! .>%! ->)0%*)-A! .>%! QF.%*0)&32! .3)2!

*%/)'&!5*'0!=>#$?V"!13,!*%.3)&%$!,'!3,!.'!0)&)0)_%!4'.%&.)32!$),*+4.)'&!'5!.>%!

-34,)$!j:G\kL!#,!3!*%,+2.A! .>%*%!13,!&'!$)55%*%&-%! )&!()*32!Y)%2$! )&!EST:UC!-%22,!

J%.1%%&!.>%!&3.)(%!=>#$?V"!(%-.'*!3&$!.>%!=>#$?V"!#$;d)J%*!->)0%*)-!$+*)&/!

(%-.'*! 4*'$+-.)'&! 8$3.3! &'.! ,>'1&DL! d)/+*%! ;L]! ,>'1,! .>3.! .*3&,$+-.)'&!

%55)-)%&-Y! )&! '5! .>%! =>#$?V"! #$;d)J%*! ->)0%*)-! 13,! %H+)(32%&.! .'! E#$^F;! )&!

#;\U! -%22,L! N>),! *%,+2.! -'&5)*0,! .>3.! .>%! $)55%*%&-%! J%.1%%&! E#$^F;! 3&$!

=>#$?V"! .*3&,$+-.)'&! )&! .>),! -%22! 2)&%! ),! ,'2%2Y! 5)J%*! 0%$)3.%$L! ! 7.! ),! 32,'!

,)/&)5)-3&.!,)&-%! ).!$%0'&,.*3.%,!.>3.!.>%!->)0%*)-! 5)J%*!4*'.%)&! ),!3,! 5+&-.)'&32!

3,!.>%!&3.)(%!E#$^F;!,.*+-.+*%!)&!.>),!3,,3YL!
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@L=2<[K! =2PJ-$&6! 4&5./6! -3! =PHZ! 5&%%0(! #;\U! -%22,! 1%*%! )&-+J3.%$! 1).>! (%-.'*,!

%@4*%,,)&/! N76%hd6! 3.! Z?7l,! '5! J%.1%%&! "WWW! 3&$! "! )5+<-%22L! #5.%*! :\! >'+*,A! .>%!

4%*-%&.3/%!'5!hd6!4',).)(%!-%22,!1%*%!%&+0%*3.%$!JY!52'1!-Y.'0%.*YL!S**'*!J3*,!$),423Y!
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! :"W!

F"!"F I%N1093.4, &'%, 83@%/, *%WA%.9%, 8/(?, C'=)`c6, O3&', &'%, a=)2LF,

83@%/,N/(:3)%*,13?3&%),3?N/(:%?%.&,3.,3??A.(4%.393&5,3.,?39%",

N>%! =>#$?V"! #$;d)J%*! ->)0%*)-! $%0'&,.*3.%$! 5)J%*F0%$)3.%$!

.*3&,$+-.)'&!%55)-)%&-Y!%H+)(32%&.!.'!E#$^F;!)&!#;\U!-%22,L!I+.!),!5)J%*F0%$)3.%$!

.*3&,$+-.)'&! )04'*.3&.! 35.%*! )&.*30+,-+23*! 3$0)&),.*3.)'&! */# 1*1.~! 7,! ).!

*%,4'&,)J2%!5'*!.>%!$)55%*%&-%!)&!4'.%&-Y!J%.1%%&!.>%,%!(3--)&%!(%-.'*,!)&!0)-%~!

N>%!'J,%*(3.)'&!'5!)04*'(%$!5)J%*!0%$)3.%$!.*3&,$+-.)'&!*/#1*"3.!$%0'&,.*3.%,!

.>3.!.>%!->)0%*)-!5)J%*!4*'.%)&!),!5+&-.)'&32A!3&$!.>3.!.>),!(%-.'*!1)22!%&3J2%!.>%!

23..%*!>Y4'.>%,),!.'!J%!*%2)3J2Y!3$$*%,,%$L#

N*3&,/%&%! 4*'$+-.! ,4%-)5)-! )00+&%! *%,4'&,%,! 1%*%! %(32+3.%$! )&! 0)-%!

35.%*!)&.*30+,-+23*!3$0)&),.*3.)'&!'5!E#$^F;A!=>#$?V"A!3&$!=>#$?V"!#$;d)J%*!

(%-.'*,L! d)/+*%! ;LG! ,>'1,! .>3.! .1'! 1%%K,! 4',.! )00+&),3.)'&! .>%*%! 13,! &'!

,)/&)5)-3&.! $)55%*%&-%! )&! .>%! 03/&).+$%! '5! =PGn! N! -%22! *%,4'&,%,! J%.1%%&! .>%!

=>#$?V"! 3&$! =>#$?V"#$;d)J%*! )00+&)_%$! /*'+4,L! N>%*%! 13,! 3! 0'$%,.!

)&-*%3,%!8344*'@)03.%2Y!;!5'2$D!)&!3&.)F.*3&,/%&%!4*'$+-.!,4%-)5)-!3&.)J'$Y!.).%*,!

1>)->!13,! ,)/&)5)-3&.! JY! '&%F13Y! #Q?^#L! E'1%(%*A! 3&.)J'$Y! *%,4'&,%,!1%*%!

,.)22! .1'! 2'/,! >)/>%*! 35.%*! E#$^F;! 3$0)&),.*3.)'&! .>3&! =>#$?V"#$;d)J%*!

3$0)&),.*3.)'&L!N>%*%5'*%A!)5!5)J%*!0%$)3.%$!.*3&,$+-.)'&!$'%,!-'&.*)J+.%!.'!.>%!

$)55%*%&-%!)&!)00+&'/%&)-).Y!J%.1%%&!.>%,%,!(%-.'*,!.>%!-'&.*)J+.)'&!),!3!0)&'*!

'&%L!!
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! :""!

J-816&!P(E*! @/7,#6#.-4&! -7713/8&3-5-.9!/M!X=2_TPa! @L=2<[K!#32! .L&!@L=2<[K!

=2PJ-$&6! 5L-7&6-5(! I32J<-! 0)-%! 8\</*'+4D! 1%*%! )00+&)_%$! )&.*30+,-+23*2Y! 1).>!

"WiG! )&5%-.)'+,! +&).,! '5! (%-.'*,! E#$^F;A! =>#$?V"! '*! =>#$?V"! #$;d)J%*! %@4*%,,)&/!

N76%hd6L! N1'! 1%%K,! 4',.! )00+&),3.)'&A! U=V! =PGn! N! -%22! *%,4'&,%,! 3/3)&,.! .>%!

)00+&'$'0)&3&.!6JU!%4).'4%!1%*%!0%3,+*%$!)&!.>%!,42%%&!JY!7dQu!SM7c4'.L!UQV!c%*3!

13,! >3*(%,.%$! 3&$! 3&.)Fhd6! 3&.)J'$Y! *%,4'&,%,! 0%3,+*%$! JY! %&$4')&.! SM7c#L! S**'*!

J3*,! ,>'1!0%3&! 3&$! cSZL! N%,.,! 5'*! ,)/&)5)-3&-%! 4%*5'*0%$! JY! '&%F13Y! #Q?^#!1).>!
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! :":!

F"!"H 7'%, 9'3?%/39, C'=)`c6, =)FJ3@%/, :%9&(/, (88%/*, (.15, 0, ?()%*&,

3?N/(:%?%.&,3.,%"#$%$(,&/0.*4%.%,%PN/%**3(.,(:%/,C'=)`c6",,,

N>%!->)0%*)-!=>#$?V"!#$;d)J%*!(%-.'*!4*'()$%$!'&2Y!3!0'$%,.!)&-*%3,%!

)&! .*3&,/%&%! 4*'$+-.! ,4%-)5)-! 7/h! 3&.)J'$Y! *%,4'&,%,A! 3&$! &'! ,)/&)5)-3&.!

)04*'(%0%&.! )&! =PGn! N! -%22! *%,4'&,%,! 8c%-.)'&! ;L:L;DL! #! &+0J%*! '5! 4'.%&.)32!

>Y4'.>%,%,! 03Y! J%! $*31&! .'! %@423)&! .>%,%! *%,+2.,L! ?&%! 0)/>.! 4*%$)-.! .>3.A! )5!

5)J%*!0%$)3.%$!.*3&,$+-.)'&!),!)04'*.3&.!5'*!)&.*30+,-+23*!$%2)(%*Y!*/#1*1.A!.>3.!

=>#$?V"#$;! d)J%*! 1'+2$! -'&5%*! %H+)(32%&.! .*3&,/%&%! %@4*%,,)'&! */# 1*1.! .'!

E#$^F;A! 3,! ,%%&! )&! #;\U! -%22,! */# 1*"3.L! ?&%! 1'+2$! .>%*%5'*%! -'&-2+$%! 5*'0!

c%-.)'&!;L:L;!.>3.!.>%!$)55%*%&-%!)&!)00+&'/%&)-).Y!J%.1%%&!.>%,%!(%-.'*,!),!$+%!

4*)03*)2Y! .'! 53-.'*,! '.>%*! .>3&! .*3&,$+-.)'&A! ,+->! 3,! .>%! )&$+-.)'&! '5! )&&3.%!

)00+&).Y!8=>34.%*!BDL!E'1%(%*A!).!),!32,'!4',,)J2%!.>3.!5)J%*!0%$)3.%$!)&5%-.)().Y!

),!&'.!*%,4'&,)J2%!5'*!.>%!$)55%*%&-%!)&!*/#1*1.!.*3&,$+-.)'&!%55)-)%&-Y!'J,%*(%$!)&!

c%-.)'&!;L:LCL!c)&-%!=#O!),!%@4*%,,%$!3.!2'1!2%(%2,!)&!03.+*%!,K%2%.32!0+,-2%A!3&$!

),! &'.! %@4*%,,%$! '&! $%&$*).)-! -%22,! j"U"kA! 5)J%*! )&$%4%&$%&.! 0%->3&),0,! '5!

-%22+23*!%&.*Y!03Y!J%!0'*%!)04'*.3&.!)&!.>),!-'&.%@.L!

7&! '*$%*! .'! 3$$*%,,! .>%,%! >Y4'.>%,%,<# */# 1*1.! )03/)&/!13,! %042'Y%$! .'!

3,,%,,! .*3&,/%&%! $%2)(%*Y! JY! .>%! ->)0%*)-! =>#$?V"! #$;d)J%*! (%-.'*L! #!

*%-'0J)&3&.!=>#$?V"!#$;d)J%*!%@4*%,,)&/!,-."*/'(!2+-)5%*3,%!13,!-'&,.*+-.%$A!

3&$! -'043*3J2%! 2+-)5%*3,%! %@4*%,,)'&! .'! 3! ,)0)23*! E#$^F;! J3,%$! (%-.'*! 13,!

$%0'&,.*3.%$!)&!#;\U!-%22,!8$3.3!&'.!,>'1&DL!Q/#1*1.!.*3&,/%&%!%@4*%,,)'&!35.%*!

)&.*30+,-+23*!3$0)&),.*3.)'&!13,!0%3,+*%$!3,!$%,-*)J%$!4*%()'+,2Y! )&!c%-.)'&!

;L:LCL!#5.%*!:\!>'+*,A!.*3&,/%&%!%@4*%,,)'&!35.%*!)&f%-.)'&!'5!=>#$?V"!#$;d)J%*!

,>'1%$!'&2Y!3!(%*Y!0'$%,.!)04*'(%0%&.!-'043*%$!.'!.>%!=>#$?V"!(%-.'*L!N>%!



! :"C!

J)'2+0)&%,-%&-%! ,)/&32!13,!&'.! ,)/&)5)-3&.2Y!$)55%*%&.!J%.1%%&! .>%! .1'!/*'+4,!

JY! '&%F13Y! #Q?^#A! J+.! 13,! ,)/&)5)-3&.! JY! ,.+$%&.! .F.%,.! 84{WLWC"]D! 3&$!

*%4*%,%&.%$! 3&! 344*'@)03.%! .1'F5'2$! )&-*%3,%! )&! 0%3&! 52+@! 4%*! ,%-'&$L! N>%!

.*%&$!5'*!3!>)/>%*!2+0)&%,-%&-%!,)/&32!13,!03)&.3)&%$!.>*'+/>'+.!.>%!4%*)'$!'5!

,.+$Y!J+.! .>%!$)55%*%&-%!J%.1%%&!/*'+4,!13,!&'.!,.3.),.)-322Y!,)/&)5)-3&.!3.!3&Y!

'.>%*! .)0%4')&.L! N>%! 2'/! $)55%*%&-%! )&! J)'2+0)&%,-%&-%! J%.1%%&! E#$^F;! 3&$!

=>#$?V"! )00+&)_%$! /*'+4,! 13,! *%4%3.%$! )&! .>),! ,.+$Y! 8d)/+*%! ;LUDL! 7.! -3&!

.>%*%5'*%! J%! -'&5)$%&.2Y! -'&-2+$%$! .>3.! 5)J%*F$%4%&$%&.! )&.%*3-.)'&,! 3*%! &'.!

4*)03*)2Y! *%,4'&,)J2%! 5'*! .>%! $)55%*%&-%! )&! .*3&,$+-.)'&! %55)-)%&-Y! 'J,%*(%$! */#

1*1.! J%.1%%&! E#$^F;! 3&$! =>#$?V"! )00+&)_%$! 0)-%L! d)/+*%! ;L"W! ,>'1,! .>3.!

&%).>%*! .*3&,/%&%! 4*'$+-.! ,4%-)5)-! =PGn! N! -%22! *%,4'&,%,A! &'*! 3&.)F.*3&,/%&%!

,4%-)5)-! 3&.)J'$Y! *%,4'&,%,!1%*%! ,)/&)5)-3&.2Y!$)55%*%&.!J%.1%%&!=>#$?V"!3&$!

=>#$?V"!#$;d)J%*!(3--)&3.%$!3&)032,!5*'0!.>%!,30%!%@4%*)0%&.L!!

I'.>! */# 1*1.! )03/)&/! ,.+$)%,! ,+//%,.! .>3.! 2+-)5%*3,%! %@4*%,,)'&! 35.%*!

)&.*30+,-+23*! 3$0)&),.*3.)'&! ),! 2'-3.%$! 4*)03*)2Y! )&! .>%! )&f%-.%$! 2%/L! d)/+*%!

;L""#! $),423Y,! 3! J)'2+0)&%,-%&-%! '(%*23Y! '5! 0)-%! 5*'0! d)/+*%! ;LU! )03/%$! '&!

.>%)*! 5*'&.A! 3&$! -'&5)*0,! .>3.!$%.%-.3J2%! .*3&,/%&%!%@4*%,,)'&!13,! -'&5)&%$! .'!

.>%! 2%/L!N>),!$),.*)J+.)'&!'5!,)/&32!13,!.>%!,30%!)&!322!/*'+4,!,.+$)%$!8$3.3!&'.!

,>'1&DL!E'1%(%*A!.>%!4*%-),%!2'-3.)'&!'5!.*3&,/%&%!%@4*%,,)'&!1).>)&!.>),!*%/)'&!

),!+&-2%3*L!

!7&!3!,%43*3.%!%@4%*)0%&.A!0)-%!1%*%!)&f%-.%$!)&.*30+,-+23*2Y!1).>!"WiG!

)5+!'5!%).>%*!E#$^F;!'*!=>#$?V"!(%-.'*,!%@4*%,,)&/!,-."*/'(#2+-)5%*3,%!3&$!:\!

>'+*,! 23.%*!0+,-2%! .),,+%!3&$!4'42).%32! 2Y04>!&'$%,!1%*%! *%0'(%$! 5'*!!0#1*1.!

$%.%-.)'&! '5! 2+-)5%*3,%! 4*'.%)&L! d)/+*%! ;L""IF=! )&$)-3.%! .>3.! 2+-)5%*3,%! ,)/&32! ),!

$%.%-.3J2%!)&!J'.>!0+,-2%!3&$!2Y04>!&'$%!.),,+%L!E'1%(%*A!.>%!5'2$!$)55%*%&-%!)&!



! :"\!

0%3&!,)/&32!)&.%&,).Y!)&!.),,+%!)&5%-.%$!JY!.>%!.1'!(%-.'*,!),!/*%3.%*!)&!.>%!2Y04>!

&'$%! 8CC! 5'2$D! .>3&! )&! .>%! 0+,-2%! 8:LG! 5'2$DL! N>),! 4%*>34,! )042)%,! .>3.!

.*3&,$+-.)'&! '5! 2Y04>! &'$%! *%,)$%&.! 3&.)/%&! 4*%,%&.)&/! -%22,! '*! 2Y04>! &'$%!

%4).>%2)3! 03Y! J%! 43*.)-+23*2Y! )04'*.3&.! 5'*! )00+&'/%&)-).YL! N>%! 3J,'2+.%!

03/&).+$%! '5! 2+0)&%,-%&-%! )&.%&,).Y! ),! /*%3.%*! )&! .>%! 2Y04>! &'$%! .>3&! .>%!

0+,-2%!.),,+%!)&!d)/+*%!;L""A!J+.!>3,!J%%&!,>'1&!.'!(3*Y!J%.1%%&!%@4%*)0%&.,!

803)&2Y!$+%!.'!$)55)-+2.)%,!)&!>'0'/%&)_3.)'&!'5!0+,-2%!.),,+%D!8$3.3!&'.!,>'1&DL!

N>%!5'2$!$)55%*%&-%!)&!,)/&32!J%.1%%&!(%-.'*,!)&!2Y04>!&'$%!3&$!,K%2%.32!0+,-2%!

.),,+%!),A!>'1%(%*A!-'043*3J2%!J%.1%%&!%@4%*)0%&.,L!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!
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J-816&!P(Z*! !"#$%$(! .6#308&3&!&\,6&00-/3!#M.&6! -3.6#71051%#6!2&%-4&69!/M!X=2_TPa!

@L=2<[K! #32! @L=2<[K! =2PJ-$&6! 4&5./60(!I32J<-!0)-%! 8;</*'+4D!1%*%! )00+&)_%$!

1).>!"WiG! )5+!'5!E#$^F;A!=>#$?V"!'*!=>#$?V"!#$;d)J%*!(%-.'*,!%@4*%,,)&/!,-."*/'(!

2+-)5%*3,%L! U=T@V! I)'2+0)&,-%&-%!13,!0%3,+*%$! 35.%*! :\!>'+*,! 35.%*! 3$0)&),.*3.)'&!'5!

U=V! E#$^F;A! UQV! =>#$?V"! '*! U@V! =>#$?V"! #$;d)J%*! 3,! $%,-*)J%$! )&! d)/+*%! ;L;L! UDV!

h*34>! $),423Y)&/! 2+-)5%*3,%! %@4*%,,)'&! 80%3,+*%$! '&! $3Y,! "A! CA! ]A! 3&$! "\! 4',.!
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