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Dr. Greenberg’s research interests revolve around ways to mitigate the threat of antibiotic resistance. His 
laboratory focuses on the development of pathogen-specific antibiotics utilizing antisense molecules. This 
approach allows for a way to inhibit bacteria by silencing specific genes that are critical for growth. In 
addition, he is working to develop ways to better predict antibiotic resistance through the use of next-
generation sequencing and innovative bioinformatic approaches. 
 
 
Purpose and Overview: The purpose of this lecture is to review the impact that antibiotic resistance has on 
our patients and community. In addition we will discuss the major drivers of resistance in the hospital and 
broader environment as well as strategies that can be used to combat this worldwide crisis. 
 
 
Educational Objectives: 
 

1. Recognize that antibiotic resistance is a normal biological process. 
2. Review the human and economic impact that antibiotic resistance has on the world. 
3. Review common mechanisms of antibiotic resistance. 
4. Review recent examples of the emergence of resistance mechanisms in different regions of the world. 
5. Review majors drivers of resistance and various mitigation strategies. 
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>$33!-'!4+)6!2#)'$!)+&5&.-2&.5!4+)6!)2#$+!]/+)7$-.!()/.2+&$'=!G')3-2$'!&.(3/%$%!2#)'$!2#-2!7+)%/($%!
$E2$.%$%A'7$(2+/6!0$2-A3-(2-6-'$'!:]S^Z<!-.%!>$+$!4$(-3A)+-3!+$3-2$%!0-(2$+&-!:1+)%.-4)%4#,)('4?!
12".-(3#)".-!'77=<?!2#)'$!2#-2!#-%!&.%/(&03$!+$'&'2-.($!-.%!>$+$!4$(-3A)+-3!+$3-2$%!:[67VA7+)%/(&.5!
94"-(3#)".-, :-.*2;44?! 12".-(3#)".-! '77=<?! ]S^ZA7+)%/(&.5! $.*&+).6$.2-3! 0-(2$+&-! -.%! [67VA

9$05)*(N2(L5))*"#(+#,#*+()*1&)#$"0(,#(
/*,+#( &"*( '&"4$).*6( =5.,"( &)(
,"$.,/( $+&/,#*( '&"#,$"$"0( ELFM:(
IL*"#*)+( 4&)( O$+*,+*( L&"#)&/( ,"6(
P)*;*"#$&"J(,+(&4(Q&;*.%*)(D-(DR:S= 
!



7+)%/(&.5! $.*&+).6$.2-3! 0-(2$+&-=!
N*$+-33?! R=Fb! )4! -33! '-673$%! *$5$2-03$'!
>$+$! +$'&'2-.2! 2)! Q+%A5$.$+-2&).!
($7#-3)'7)+&.'!:;&5/+$!e<=!"#$+$!>-'!.)!
'2-2&'2&(-3! %&44$+$.($! 0$2>$$.! ()/.2+,! )4!
)+&5&.!)+!6$2#)%!)4!5+)>2#! &.! 2#$! +-2$!)4!
%+/5A+$'&'2-.2!0-(2$+&-!2#-2!>$+$!4)/.%=!!
!
!(+#&)7(&4(+5)4$"03(,(1*,'*45/(1,+#$.*(
"&( /&"0*)2( "#$! >&%$'7+$-%! /'$! )4!
-.2&0&)2&('! (-.! 3$-%! 2)! +$'&'2-.($! &.! -!
*-+&$2,! )4! $.*&+).6$.2-3! .&(#$'=! G.! ).$!
F98e! '2/%,?! &.*$'2&5-2)+'! -&6$%! 2)! 3&.@!
$E7)'/+$! 2)! >-2$+! 2)! ()3).&d-2&).! >&2#!
-.2&0&)2&(! +$'&'2-.2! 7-2#)5$.'! :8i<=! "#&'!
(+)''A'$(2&).-3! '2/%,! -&6$%! 2)! ()67-+$!
2#)'$!>#)! #-%! 4+$1/$.2! >-2$+! $E7)'/+$!

:&.! 2#&'! (-'$! '/+4$+'! -.%!0)%,!0)-+%$+'<! 2)! 2#)'$!>&2#! 3&223$!>-2$+! $E7)'/+$=! fe!>-2$+! '&2$'! 4+)6!
].53-.%!-.%!U-3$'!>$+$!'-673$%!&.!F98F!-.%!(/32/+$!>-'!7$+4)+6$%!2)!&')3-2$!17,)('4!()3).&$'!2#-2!
>$+$!+$'&'2-.2!2)!Q+%A5$.$+-2&).!($7#-3)'7)+&.'=!J)3$(/3-+!-''-,'!>$+$!/'$%!2)!2$'2!4)+!2#$!7+$'$.($!
)4!V"jAJ!0$2-A3-(2-6-'$'=!8Rb!)4!2#$!'&2$'!().2-&.$%!17,)('4!2#-2!>$+$!+$'&'2-.2!2)!Q+%A5$.$+-2&).!
($7#-3)'7)+&.'!-.%!88b!>$+$!7)'&2&*$!>$+$!V"jAJ!5$.$'=!^$2>$$.![7+&3!-.%!N(2)0$+!F98R!'/+4$+'!
-.%!.).A0-2#&.5! ().2+)3'!>$+$! +$(+/&2$%! -.%!-'@$%! 2)! '/06&2!-! +$(2-3! '>-0!-.%!-.'>$+!-! '#)+2!
1/$'2&)..-&+$=!8HQ!'/+4$+'!-.%!8Q9!().2+)3'!>$+$!&.(3/%$%!&.!2#$!4&.-3!-.-3,'&'!:;&5/+$!i<=!f=8b!)4!
'/+4$+'!>$+$!4)/.%!2)!0$!4$(-3!(-++&$+'!)4!($4)2-E&6$A+$'&'2-.2!17,)('4!()67-+$%!2)!Q=8b!)4!().2+)3'!
5&*&.5!-!+&'@!+-2&)!)4!F=fR=!G.!-%%&2&).?!c=Qb!)4!'/+4$+'!>$+$!4)/.%!2)!(-++,!V"jAJ!5$.$'!()67-+$%!
2)!8=Rb!)4!().2+)3'!>#&(#!>-'!-3')!'2-2&'2&(-33,!'&5.&4&(-.2=!!
!
!

LOL( T.*)0$"0( H=)*,#+( ,"6(
9)*85*"#(E*'=,"$+.+(&4(F*+$+#,"#(
H),"+.$++$&"=! G.! F98Q?! 2#$! V$.2$+!
4)+! Y&'$-'$! V).2+)3! -.%! I+$*$.2&).!
7/03&'#$%!-!+$7)+2!).!-.2&0&)2&(!2#+$-2'!
&.! 2#$! K.&2$%! S2-2$'=! "#&'! +$7)+2!
)/23&.$%! 2#$! 6-`)+! 7-2#)5$.'! 2#-2!
7)'$! -.! /+5$.2! )+! '$+&)/'! 2#+$-2! 2)!
7/03&(! #$-32#! %/$! 2)! 2#$&+! +-7&%3,A

&.(+$-'&.5! +-2$'!)4!-.2&0&)2&(! +$'&'2-.($!
:8f<=! G.! -%%&2&).?! 2#&'! %)(/6$.2! .&($3,!
&33/'2+-2$%! ')6$! )4! 2#$! 6-`)+!
2+-.'6&''&).! %,.-6&('! )4! -.2&0&)2&(!
+$'&'2-.($! 2#-2! 7/2! #/6-.'! -2! +&'@!

:;&5/+$!f<=!G.%&*&%/-3'!>#)!+$($&*$!-.2&0&)2&('!>&33!%$*$3)7!+$'&'2-.2!0-(2$+&-!&.!2#$&+!5/2=![32#)/5#!
2#$,!6-,!.)2!%$*$3)7!(3&.&(-3!%&'$-'$?!2#$'$!&.%&*&%/-3'!(-.!'7+$-%!2#$'$!7)2$.2&-3!7-2#)5$.'!0)2#!
-2!#)6$!)+!&.!2#$!()66/.&2,=!G4!2#$!&.%&*&%/-3!5$2'!(-+$!-2!-!#$-32#!(-+$!4-(&3&2,?!+$'&'2-.2!0-(2$+&-!

9$05)*(U2(H=*(&)$0$"(,"6("5.%*)(&4( #=$)6M0*"*),#$&"(
'*1=,/&+1&)$"M)*+$+#,"#( !"#$%&'()#$%*()$($( $+&/,#*+(
$"( T5)&1*,"( ;*0*#,%/*+=! "#$! )*$+-33! 7+$*-3$.($! )4!
+$'&'2-.2!&')3-2$'!>-'!R=Fb!:8e<=! 
!

9$05)*( S2( F,#*+( &4( G)6M0*"*),#$&"( '*1=,/&+1&)$"(
)*+$+#,"'*($"(VW(+5)4*)+(;*)+5+(#=&+*(C$#=(/$##/*('&,+#,/(
C,#*)(*X1&+5)*2!S/+4$+'!>$+$!Q!2&6$'!-'!3&@$3,!-'!().2+)3'!
2)!0$!()3).&d$%!0,!($4)2-E&6$A+$'&'2-.2!17,)('4= 
!



(-.!'7+$-%!2)!)2#$+!7-2&$.2'!>#)!2#$.!+$2/+.!&.2)!2#$!()66/.&2,=!G.!-%%&2&).?!,"$.,/(*X1&+5)*($"(
,"$.,/+(3$-%'!2)!+$'&'2-.2!0-(2$+&-!&.!2#$&+!5/2'=!!Y+/5A+$'&'2-.2!!0-(2$+&-!!(-.!+$6-&.!).!6$-2!-.%!
(-.!2#$.!'7+$-%!2)!#/6-.'!&4!&67+)7$+3,!#-.%3$%=![3')?!4$+2&3&d$+!)+!>-2$+!+/.)44!().2-&.&.5!-.&6-3!
4$($'!(-.!'7+$-%!+$'&'2-.2!0-(2$+&-!).2)!)2#$+!4))%A+$3-2$%!()7'!>#&(#!#/6-.!2#$.!&.5$'2=!
!

!
H=$+( $+("&#( Y5+#(,"(!+$,(1)&%/*.=!Y$*$3)7$%!()/.2+&$'!2)!*-+&)/'!%$5+$$'!-+$!'$$&.5! 2#$!+-7&%!
$6$+5$.($!)4!-.2&0&)2&(!+$'&'2-.($!%$7$.%&.5!).!2#$!)+5-.&'6!-.%!-.2&0&)2&(!&.!1/$'2&).=![!+$($.2!
+$7)+2! 4+)6! 2#$!]/+)7$-.!V$.2+$! 4)+!Y&'$-'$!I+$*$.2&).!-.%!V).2+)3! &33/'2+-2$'! 2#$!7+)03$6! 2#-2!
*-+&)/'!()/.2+&$'!&.!]/+)7$!-+$!4-(&.5!:F9<=!['!-.!$E-673$?!2#$!7$+($.2-5$!)4!5'.3+4.''#,$2.*6(24#.!

9$05)*(A2(9)*85*"#()&5#*+(&4(#),"+.$++$&"(,"6(,'85$+$#$&"(&4(,"#$%$&#$'M)*+$+#,"#(%,'#*)$,(,.&"0(
=5.,"+(,"6(,"$.,/+( ILOL(DR:GJ2(^)2#!#/6-.A2)A#/6-.!-.%! 4))%A2)A#/6-.!(,(3$'!73-,! &67)+2-.2!
+)3$'!&.!'7+$-%&.5!-.2&0&)2&(!+$'&'2-.2!7-2#)5$.'= 
!



&')3-2$'! 2#-2! #-%! ()60&.$%! +$'&'2-.($! 2)! 43/)+)1/&.)3).$'?! 2#&+%A5$.$+-2&).! ($7#-3)'7)+&.'! -.%!
-6&.)53,()'&%$'!&.!F98e!+-.5$%!4+)6!9b!&.!G($3-.%!2)!5+$-2$+!2#-.!Reb!&.!S3)*-@&-!:;&5/+$!89<=!
N*$+!8Q!]/+)7$-.!K.&).!()/.2+&$'!'#)>$%!&.(+$-'&.5!2+$.%'!)4!+$'&'2-.($!0$2>$$.!F98HAF98e=!!
!

!

!
"#&'!2+$.%!&'!.)2!/.&1/$!2)!`/'2!6$60$+'!)4!2#$!12".-(3#)".-#)4#.=!JYX!<+.*;(6(2#+,#.-*842(+#!
&'!-3')!4+$1/$.2!:;&5/+$!88<!+-.5&.5!4+)6!9b!&.!G($3-.%!2)!kRfb!&.!X)6-.&-=!;)+!$E-673$?!&4!,)/!
>$+$!#)'7&2-3&d$%!>#&3$!).!*-(-2&).!&.!a+$$($!-.%!%$*$3)7$%!-!<7,#.-*842(+#!&.4$(2&).?!,)/!>)/3%!
#-*$!-.!l8!&.!Q!(#-.($!)4!#-*&.5!2#-2!&')3-2$!0$!+$'&'2-.2!2)!kQ!5+)/7'!)4!2#$!6)'2!-(2&*$!-.2&0&)2&('!
/'$%!4)+!2#&'!7-2#)5$.=!
!
G.!2#$!K.&2$%!S2-2$'?!3$*$3'!)4!-.2&0&)2&(!+$'&'2-.($!*-+,!0,!'2-2$?!7-2#)5$.!-.%!(3-''!)4!-.2&0&)2&(=!
"#$!VYV!&'!).$!2))3!2#-2!&'!#$374/3!&.!5$22&.5!%-2-!).!3$*$3'!)4!+$'&'2-.($=!G.!-%%&2&).?!"#$!V$.2$+!;)+!
Y&'$-'$'!Y,.-6&('?!]().)6&('!m!I)3&(,!:VYY]I?!+$'&'2-.($6-7=(%%$7=)+5<!#-'!-!*-+&$2,!)4!/'$4/3!
2))3'!4)+!*&'/-3&d&.5!3$*$3'!)4![JX!&.!6/32&73$!()/.2+&$'=!]E-673$'!)4!2#&'!-+$!'#)>.!&.!;&5/+$!8F=!
"#$!+-2$!)4!(-+0-7$.$6!+$'&'2-.($!&.!<7,#.-*842(+#!&')3-2$'!+-.5$!4+)6!Rb!2)!)*$+!8cb!&.!F98c=!

9$05)*(:R2(O$+#)$%5#$&"(&4(.5/#$6)50M)*+$+#,"#(+,$'-*$,,(./"$01&"*($(,.&"0(T5)&1*,"('&5"#)$*+($"(
DR:U=! G')3-2$'! >$+$! &.*-'&*$! -.%! #-%! ()60&.$%! +$'&'2-.($! 2)! 43/)+)1/&.)3).$'?! 2#&+%A5$.$+-2&).!
($7#-3)'7)+&.'!-.%!-6&.)53,()'&%$'=!X-2$'!)4!JYX!57,$2.*6(24#.!*-+&$%!5+$-23,!4+)6!9b!&.!G($3-.%!2)!
kReb!&.!S3)*-@&-= 
!



X$'&'2-.($!+-2$'!(-.!-3')!0$!-.-3,d$%!-(+)''!%&44$+$.2!(-2$5)+&$'!)4!-.2&0&)2&('=!['!-.!$E-673$?!2#$!
+-2$!)4!6$2#&(&33&.A+$'&'2-.2!!"#$%&'()())*+,#*-.*+!:JXS[<!*-+&$%!0,!+$5&).!4+)6!)*$+!Q9b!&.!2#$!
J)/.2-&.!+$5&).!2)!)*$+!R9b!&.!2#$!]-'2!S)/2#!V$.2+-3!+$5&).!)4!2#$!K=S=!!
!
!
!
!
!
!
!
!
!
!
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9$05)*(::2(O$+#)$%5#$&"(&4(.5/#$6)50M)*+$+#,"#(2-$03&1&"(-.($%04*"&-((,.&"0(T5)&1*,"(
'&5"#)$*+( $"( DR:U=! G.*-'&*$! &')3-2$'! #-%! ()60&.$%! +$'&'2-.($! 2)! 2#+$$! )+! 6)+$! -.2&6&(+)0&-3!
5+)/7'! -6).5! 7&7$+-(&33&.! ngA! 2-d)0-(2-6?! ($42-d&%&6$?! 43/)+)1/&.)3).$'?! -6&.)53,()'&%$'! -.%!
(-+0-7$.$6'=!X-2$'!)4!JYX!<7,#.-*842(+#!*-+&$%!5+$-23,!4+)6!9b!&.!G($3-.%!2)!kReb!&.!S3)*-@&-=!
!

9$05)*( :D2( TX,.1/*+( &4(EOF(6,#,( $"( #=*(V"$#*6(<#,#*+=! "#$! 3$42! 7-.$3! %&'73-,'! &.!6-7! 4)+6! 2#$!b!)4!
(-+0-7$.$6A+$'&'2-.2!<7,#.-*842(+#!0,!+$5&).=!N*$+!8Rb!)4!&')3-2$'!&.!2#$!J)/.2-&.!+$5&).!-+$!+$'&'2-.2!2)!
(-+0-7$.$6'!-'!)4!F98c=!"#$!+&5#2!7-.$3!%&'73-,'!2#$!b!)4!+$'&'2-.2!!7,#*-.*+!0,!0)2#!%+/5!-.%!+$5&).=!['!)4!
F98c?! ')6$! +$5&).'! )4! 2#$! K=S=! :'/(#! -'! 2#$! ]-'2! S)/2#! V$.2+-3! +$5&).<! #-*$! 6$2#&(&33&.A+$'&'2-.2!
!"#$%&'()())*+,#*-.*+!+-2$'!5+$-2$+!2#-.!R9b!:+$'&'2-.($6-7=(%%$7=)+5<=!
!



H=*(C,7(4&)C,)62!a&*$.!2#$!&.2$+()..$(2$%!>)+3%!2#-2!>$!3&*$!&.?!2#$!+$'7).'$!2)!7+$*$.2&.5!-!B7)'2A
-.2&0&)2&(C!>)+3%! 4+)6!0$()6&.5!-! +$-3&2,!6/'2! &.*)3*$!6/32&73$!'2+-2$5&(!-77+)-(#$'!-2! 2#$! 3)(-3?!
4$%$+-3!!-.%!&.2$+.-2&).-3!3$*$3!:;&5/+$!8Q<=!(

P)2! ).3,! -+$! .$>! -.2&0&)2&('! /+5$.23,! .$$%$%?!
&..)*-2&*$!7-+-%&56'!4)+!2-+5$2$%!7-2#)5$.!2#$+-7,!
&.'2$-%! )4! 0+)-%A'7$(2+/6! -(2&.5! -5$.2'! ()/3%!
7+)*&%$! $44$(2&*$! -.2&0-(2$+&-3! $44&(-(,! >#&3$!
6&.&6&d&.5! 7)2$.2&-3! +$'&'2-.($! %$*$3)76$.2=!
]E-673$'! )4! 2#&'! -77+)-(#! &.(3/%$! 7#-5$! 2#$+-7,!
:F8?FF<!-.%!-.2&'$.'$!6)3$(/3$'!>#&(#!>$!#-*$!0$$.!
%$*$3)7&.5! &.! 2#$! 3-0! :FQAFe<=! [!6-`)+! +$-').!>#,!
2#$+$! #&'2)+&(-33,! #-'! 0$$.! -! 0+)-%! $60+-($! )4!
%$*$3)7&.5!0+)-%!'7$(2+/6!-.2&0&)2&('!#-*$!0$$.!2#$!
(#-33$.5$'!&.!%&-5.)'&.5!G.4$(2&)/'!Y&'$-'$'=!S&6&3-+!
2)! 2#$!6$2#)%'!/'$%!0,![3$E-.%$+!;3$6&.5! :;&5/+$!
8H<! &.! 2#$! 8fH9'?! (3&.&(-3!6&(+)0&)3)5,! 3-0)+-2)+&$'!
'2&33! #$-*&3,! +$3,! ).! 4&+'2! (/32&*-2&.5! -! 0-(2$+&/6!
4)33)>$%!0,! ! 2$'2&.5! 2)! '$$! 2)!>#&(#! -.2&0&)2&('! 2#$!
0-(2$+&/6!&'!'$.'&2&*$!2)=!G.!6-.,!(-'$'?!2#&'!$.2&+$!
7+)($''! (-.! 2-@$!%-,'=!X-7&%! %&-5.)'2&('! 2#-2! (-.!
0)2#! '7$$%! /7! &%$.2&4&(-2&).! -.%! -.2&0&)2&(!
'/'($72&0&3&2,!2$'2&.5!()/3%!-&%!&.!-!6)+$!̀ /%&(&)/'!/'$!
)4! 6)+$! .-++)>! '7$(2+/6! -.2&0&)2&('=! "#$+$! #-*$!

0$$.! -! ./60$+! )4! -%*-.($'! &.! 2#&'! -+$-?! &.(3/%&.5! 2#$! /'$! )4! .$E2A5$.$+-2&).! '$1/$.(&.5!
2$(#.)3)5&$'!:PaS<!>#&(#!>$!-.%!)2#$+'!#-*$!0$$.!/'&.5!2)!7+$%&(2!-.2&0&)2&(!+$'&'2-.($!:FiAQ9<=!

!
G.! ).$! +$($.2! '2/%,! 4+)6! )/+! 5+)/7?! >$! /2&3&d$%!
PaS!-.%!.$>!0&)&.4)+6-2&(!-35)+&2#6'! 2)! 2+,!-.%!
7+$%&(2! 2#$! -.2&0&)2&(! +$'&'2-.($! 7#$.)2,7$! )4!
0-(2$+$6&-! &')3-2$'! 4+)6! (-.($+! 7-2&$.2'! -2! JY!
[.%$+').!:Fi<=!"#+)/5#!0)2#!-/2)6-2$%!-'!>$33!-'!
6-./-33,! (/+-2$%! -77+)-(#$'?! >$! 7+$%&(2$%!
>#$2#$+! 2#$! 7+$'$.($! )+! -0'$.($! )4! *-+&)/'!
-.2&0&)2&(!+$'&'2-.($!5$.$'!:[Xa'<!)+!6/2-2&).'!&.!
2#$'$! 5$.$'! ()/3%! 7+$%&(2! '/'($72&0&3&2,! )+!
+$'&'2-.($! 2)! 4)/+! ()66).3,! /'$%! -.2&0&)2&('W!
($4$7&6$?! 7&7$+-(&33&.A2-d)0-(2-6?! 6$+)7$.$6!
-.%! ($42-d&%&6$! &.! 4)/+! 4+$1/$.23,! $.()/.2$+$%!
7-2#)5$.'!:57,$2.*6(24#.?!17,)('4?!<7,#.-*842(+#?!
12".-(3#)".-, )'(#)#.<:<=! U#$.! /'&.5! 0+)2#!
6&(+)%&3/2&).! -'! 2#$! 5)-3A'2-.%-+%! 2$'2?! 2#$!PaS!
-77+)-(#! #-%! '$.'&2&*&2,! :ieb! *'! iFb<! -.%!

9$05)*( :G2( <#),#*0$*+( 4&)( '&.%,#$"0(
,"#$%$&#$'( )*+$+#,"'*2( [%%+$''&.5! 2#$!
-.2&0&)2&(!+$'&'2-.($!(+&'&'!>&33!+$1/&+$!-!6/32&A
6)%-3&2,! -77+)-(#! 2#-2! 4)(/'$'! 0)2#! ).! 2#$!
().2+)3! -.%! $E7)'/+$! )4! -.2&0&)2&('! &.! 2#$!
$.*&+).6$.2!-'!>$33!-'!.$>!>-,'!2)!2+$-2!-.%!
%&-5.)'$!&.4$(2&).'=!
!

9$05)*(:B2(!/*X,"6*)(9/*.$"0(,#(#=*(%*"'=2(V3&.&(-3!6&(+)0&)3)5,!3-0)+-2)+&$'!().2&./$!2)!#$-*&3,!+$3,!
).!(/32&*-2&).!)4!0-(2$+&-!4)+!0)2#!&%$.2&4&(-2&).!-'!>$33!-'!%$2$+6&.-2&).!)4!-.2&0&)2&(!'/'($72&0&3&2,!2$'2&.5=(!
!



'7$(&4&(&2,!2#-2!>-'!()67-+-03$!2)!'2-.%-+%!7#$.)2,7&(!2$'2'!:fib!*'!fRb<!+$'7$(24/33,!:;&5/+$!8R<=!
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