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“Confronted	
  with	
  such	
  an	
  astronomical	
  computation	
  of	
  distress,	
  it	
  is	
  
clear	
  that	
  tuberculosis	
  is	
  very	
  far	
  from	
  being	
  defeated…Indeed,	
  in	
  

underdeveloped	
  countries	
  it	
  is	
  often	
  said	
  that	
  little	
  can	
  be	
  done	
  until	
  
the	
  standard	
  of	
  living	
  is	
  raised.	
  One	
  can	
  hardly	
  accept	
  that”

John	
  Crofton
Royal	
  College	
  of	
  Physicians	
  lecture,	
  1960



Multiple	
  trials	
  of	
  new	
  DR-­‐TB	
  regimens



LZD	
  in	
  clinical	
  practice

• When	
  do	
  you	
  use	
  it?	
  
We	
  don’t	
  really	
  know

• What	
  is	
  the	
  optimal	
  dose	
  and	
  dosing	
  interval?	
  
We	
  don’t	
  know

• How	
  do	
  you	
  define	
  LZD	
  resistance	
  and	
  it	
  is	
  a	
  problem?	
  
We	
  don’t	
  really	
  know



LZD	
  is	
  a	
  potent	
  anti-­‐TB	
  drug

• Unique	
  mechanism	
  of	
  action
• Blocks	
  translation	
  of	
  mRNA	
  and	
  
protein	
  synthesis
• No	
  cross-­‐resistance	
  with	
  other	
  
anti-­‐TB	
  drugs

Livermore	
  JAC	
  2003
Locke	
  JAC	
  2009



LZD	
  is	
  a	
  potent	
  anti-­‐TB	
  drug

• Excellent	
  in	
  vitro	
  activity:	
  DS-­‐ and	
  DR-­‐TB
• MICs	
  ≤	
  1	
  mg/L	
  in	
  clinical	
  strains
• Recommended	
  susceptibility	
  
breakpoint	
  1	
  mg/L

Alcala	
  AAC	
  2003
Schon IJTLD	
  2011



Modest	
  EBA	
  in	
  humans

• Mostly	
  in	
  exponential	
  growth	
  phase
• Less	
  than	
  INH	
  (∆	
  in	
  CFU)

• But	
  mean	
  EBA	
  not	
  different	
  at	
  600	
  BD

• No	
  difference	
  between	
  LZD	
  doses	
  
(not	
  powered)
• No	
  correlation	
  with	
  PK	
  in	
  this	
  study
• Poor	
  extended	
  EBA	
  activity	
  
suggesting	
  limited	
  sterilising ability

Dietze AJRCCM	
  2008



Sterilizing	
  ability	
  in	
  mouse	
  model;	
  bactericidal	
  
against	
  non-­‐replicating	
  MTB	
  strains

Control

CFZ	
  +	
  LFX	
  +	
  AMK	
  +	
  PZA	
  +	
  PAS	
  +	
  LZD	
  

CFZ	
  +	
  LFX	
  +	
  AMK	
  +	
  PZA	
  +	
  PAS	
  

Lung	
  sterilization	
  in	
  
combination	
  with	
  second	
  
line	
  TB	
  drugs

Zhao	
  IJAA	
  2014

p	
  <	
  0.001

LFX	
  +	
  AMK	
  +	
  PAS	
  +	
  EMB	
  

LFX	
  +	
  AMK	
  +	
  PAS	
  +	
  EMB	
  +	
  LZD	
  
p	
  <	
  0.001

Months



Potent	
  activity	
  when	
  added	
  to	
  new	
  drugs	
  in	
  
mice
• Superior	
  sterilising activity	
  to	
  first	
  line	
  drugs	
  when	
  combined	
  with	
  BDQ/PMD	
  (and	
  
increases	
  activity	
  of	
  BDQ+PMD)

• Also	
  reduces	
  relapse	
  when	
  added	
  to	
  BDQ/PMD/PZA	
  for	
  1	
  or	
  2	
  months Tasneen AAC	
  2016



Favourable PK	
  characteristics	
  
and	
  few	
  DDIs
• Metabolised (mainly)	
  by	
  non-­‐
enzymatic	
  pathways
• Good	
  tissue	
  (incl lung	
  and	
  CSF)	
  
penetration

• Caution	
  with:
• SSRIs
• PGP	
  inhibitors	
  (macrolides)
• CYP	
  inducers	
  (rif)
• CYP	
  inhibitors	
  (PIs)
• AZT

Dryden	
  JAC	
  2011

Non-­‐enzymatic	
  oxidative	
  
metabolism	
  (ROS)	
  ~65%

Unchanged	
  drug	
  30%Inactive	
  metabolites	
  50%
PNU-­‐142586
PNU-­‐142300

Linezolid

Urinary	
  excretion	
  ~80%



Impressive	
  clinical	
  efficacy

• 39	
  HIV-­‐negative	
  patients
• LZD	
  added	
  to	
  failing	
  regimen:	
  
immediate	
  vs	
  delayed
• 79	
  vs	
  35%	
  culture	
  conversion	
  at	
  4	
  
months
• 87%	
  culture	
  negative	
  after	
  6	
  months
• 71%	
  cured	
  at	
  1	
  year	
  after	
  completion

Lee	
  NEJM	
  2012
Lee	
  NEJM	
  2015



Impressive	
  clinical	
  efficacy

• Systematic	
  review:	
  239	
  patients;	
  46%	
  XDR;	
  only	
  8.2%	
  HIV-­‐infected
• Favourable outcome	
  83%	
  (cure/completed)

Proportion	
  culture	
  conversion
Zhang	
  J	
  Thorac Dis	
  2015





Wasserman	
  Exp Rev	
  Anti-­‐infective	
  Ther 2016



Mitochondrial	
  toxicity	
  dose	
  related	
  and	
  
associated	
  with	
  clinical	
  AEs

Mitochondrial	
  function	
  
correlates	
  with	
  risk	
  of	
  AEs	
  
in	
  patients

Song	
  eBioMedicine 2015



Clinical	
  toxicity	
  dose	
  and	
  duration-­‐related

• Chinese	
  RCT
• 65	
  HIV-­‐neg,	
  XDR-­‐TB
• 1200	
  mg/day	
  for	
  4	
  – 6	
  
weeks	
  then	
  600/300	
  
mg/day
• 82%	
  AEs	
  

Tang	
  ERJ	
  2015



LZD	
  toxicity	
  is	
  frequent	
  and	
  treatment-­‐limiting

Zhang	
  J	
  Thorac Dis	
  2015





What	
  is	
  the	
  lowest	
  effective	
  dose	
  of	
  LZD	
  (that	
  
limits	
  resistance)?

What	
  are	
  the	
  optimal	
  PK/PD	
  parameters	
  for	
  toxicity	
  and	
  efficacy?



Relationship	
  between	
  dose,	
  trough	
  
concentrations,	
  and	
  clinical	
  toxicity

Song	
  eBioMedicine 2015

3-­‐fold	
  higher	
  risk	
  of	
  
toxicity	
  with	
  600	
  mg



LZD	
  appears	
  to	
  have	
  a	
  narrow	
  therapeutic	
  
index

• Maximal	
  EBA	
  at	
  concentrations	
  2x	
  MIC	
  
(2	
  mg/L)
• 300	
  mg	
  daily:	
  achieved	
  only	
  50%	
  of	
  
dosing	
  interval
• 600	
  mg	
  daily:	
  ~60%	
  predicted
• 600	
  mg	
  BD:	
  ~100%	
  predicted

• But	
  trough	
  concentrations	
  >	
  2	
  mg/L	
  
predict	
  toxicity

Wallis	
  JID	
  2010



LzTB
Optimising	
  linezolid	
  use	
  for	
  drug-­‐resistant	
  tuberculosis:	
  the	
  effects	
  of	
  exposure	
  on	
  

toxicity,	
  treatment	
  response,	
  and	
  linezolid	
  resistance

1. Develop	
  a	
  population	
  PK	
  model	
  of	
  linezolid

2. Determine	
  the	
  effects	
  of	
  linezolid	
  dose	
  and	
  exposure	
  on	
  toxicity,	
  
treatment	
  response,	
  and	
  resistance	
  to	
  develop	
  PK/PD	
  targets

3. Define	
  the	
  relationships	
  between	
  linezolid	
  PK	
  parameters,	
  
functional	
  mitochondrial	
  activity,	
  and	
  clinical	
  toxicity,	
  and	
  explore	
  
the	
  association	
  of	
  SNPs	
  in	
  mtDNA with	
  the	
  risk	
  of	
  linezolid	
  toxicity	
  
in	
  this	
  population



STUDY	
  OVERVIEW
Prospective observational study
200	
  adults	
  with	
  DR-­‐TB
Known	
  HIV	
  status
Starting LZD
3	
  study	
  sites	
  in	
  SA
Follow-­‐up	
  for	
  2	
  years:	
  15	
  visits

LzTB
Optimising	
  linezolid	
  use	
  for	
  drug-­‐resistant	
  tuberculosis:	
  the	
  effects	
  of	
  exposure	
  on	
  

toxicity,	
  treatment	
  response,	
  and	
  linezolid	
  resistance

159	
  enrolled	
  (33	
  in	
  PE)



LZD	
  resistance

• High	
  barrier:	
  spontaneous	
  mutation	
  frequency	
  2	
  x	
  10-­‐8 -­‐ 5	
  x	
  10-­‐9

• Associated	
  with	
  mutations	
  in	
  LZD	
  binding	
  site	
  and	
  L3

Long	
  AAC	
  2012



Risk	
  may	
  be	
  related	
  to	
  lowering	
  dose	
  for	
  
toxicity

• 11%	
  developed	
  resistance	
  in	
  Korean	
  RCT;	
  75%	
  of	
  these	
  
in	
  300	
  mg	
  group;	
  most	
  Cmin below	
  MIC
• More	
  resistant	
  populations	
  in	
  lower	
  doses	
  in	
  HFIM

Lee	
  NEJM	
  2012
Brown	
  mBio 2015



Resistance	
  is	
  being	
  reported
Study Author,	
  year Description Gene(s)	
  sequenced Mutations MIC	
  range	
  

(µg/mL)

1 Richter, 200721 4/210 clinical isolates were resistant 23S rRNA (rrl), L4 (rplD), L22, 23S
rRNA methyltransferase (erm-­‐37) None found 4 – 8

2 Hillemann, 2008 18 10 resistant isolates selected in vitro 23S rRNA (rrl) G2061T 32
G2576T 16

3 Beckert, 201223 Clinical and in vitro resistant isolates L3 (rplC) T460C 4 – 16

4 Lee, 20124 4/38 isolates from a clinical trial were
resistant

23S rRNA (rrl) G2447T 16
G2576T 4

L3 (rplC) T460C 2 – 4

5 Zhang, 201424 17/ 158 clinical isolates were resistant 23S rRNA (rrl) G2061T 32
L3 (rplC) T460C 16 -­‐ 32

6 McNeil, 201722 28 resistant strains selected in vitro 23S rRNA (rrl)

G2576T
G2061T
A2451T
G2576T

Not reported

L3 (rplC) T460C

7 Zimenkov, 201730 10/27 clinical isolates resistant to linezolid
23S rRNA (rrl) G2576T

G2056A Not reportedL3 (rplC) T460C
L4 (rplD) None found

8 Pang, 201731 5/90 clinical isolates resistant to linezolid
23S rRNA (rrl) None found

4 – 16L3 (rplC) T460C
L4 (rplD) None found



LZD	
  resistance	
  study

• Are	
  there	
  other	
  unidentified	
  mutations	
  or	
  other	
  resistance	
  mechanisms?
• What	
  are	
  the	
  predictors	
  (risks)	
  of	
  resistance?
• What	
  is	
  the	
  epidemiology	
  and	
  transmission	
  dynamics	
  of	
  LZD	
  resistance?

STUDY	
  OVERVIEW
Retrospective study,	
  6	
  study	
  sites	
  in	
  SA	
  (including	
  PE)
Inclusion:	
  
• Treatment failure	
  on	
  LZD-­‐containing	
  regimen
• LZD	
  MIC	
  ≥	
  1	
  mg/L



Methods

• Microdilution method	
  for	
  MIC	
  
testing
• WGS	
  for	
  new	
  mutations
• Case-­‐control	
  study	
  for	
  risk	
  factors
• Determine	
  transmission	
  dynamics	
  
using	
  molecular	
  and	
  social	
  network	
  
approaches	
  



Some	
  early	
  data	
  from	
  JP PID MIC
Mutation

rplC rrl

1002 1 No ND

1004 0.5 No ND

1006 No	
  growth No ND

1007 2 No ND

1008 4 T460C ND

1009 No	
  growth No ND

1010 2 No ND

1011 4 No G2814T

1012 0.5 No ND

1013 4 T460C ND

1014 8 No G2814T

1015 4	
  to	
  8 T460C ND

1016 No	
  growth No G2399A

1017 1 No ND

43	
  possible	
  cases	
  identified	
  so	
  far	
  
(up	
  to	
  80	
  more	
  still	
  to	
  review)

14	
  with	
  MIC/sequencing	
  results
• 8/14	
  (57%)	
  with	
  

phenotypic/genotypic	
  
resistance

• 2	
  cases	
  with	
  MIC	
  ≥	
  2	
  and	
  no	
  
LZD	
  exposure:	
  transmitted?



LZD	
  in	
  clinical	
  practice

• When	
  do	
  you	
  use	
  it?	
  
• Being	
  evaluated	
  in	
  in	
  novel	
  regimens
• Because	
  of	
  potency	
  and	
  low	
  risk	
  of	
  resistance,	
  should	
  include	
  in:

• All	
  XDR	
  and	
  pre-­‐XDR
• MDR	
  with	
  treatment	
  failure
• Empiric	
  while	
  awaiting	
  DST	
  results	
  (if	
  dual	
  INH	
  mutations	
  or	
  single	
  drug	
  substitution)

• What	
  is	
  the	
  best	
  dose?
• BD	
  dosing	
  not	
  ideal	
  for	
  toxicity	
  
• Initial	
  high	
  dose	
  ‘induction’	
  for	
  ~2	
  months	
  followed	
  by	
  ’maintenance’	
  using	
  
reduced/intermittent	
  dosing?

• How	
  do	
  you	
  define	
  LZD	
  resistance?	
  
• More	
  work	
  needs	
  to	
  be	
  done


