














these defined subpopulations as a result of AMG 557
administration (data not shown).
No discernible changes were observed in lupus serolo-

gies, complement levels or disease measures (BILAG,
SELENA-SLEDAI) (data not shown).

DISCUSSION
The ICOS:ICOSL pathway represents a promising target
for therapeutic immunomodulation of autoimmune dis-
eases. Immunological investigations in mice and humans,
including analyses of ICOS null individuals, have detailed
the role of this co-stimulatory pathway in driving antigen-
specific T cell responses. The importance of ICOS for the
development of T cell subsets such as Tfh and Th17 cells
and for driving class-switched antibody responses impli-
cates it as a potential key mediator of autoimmune dis-
eases. This is the first report of pharmacological blockade
of the ICOS:ICOSL pathway in humans.
Consistent with other therapeutics targeting a cell

surface molecule, the AMG 557 PK profile showed non-
linear characteristics at lower dose levels. AMG 557

concentration increased greater than dose-
proportionally over the dose range of 1.8–140 mg sub-
cutaneous in the SAD study and 6–70 mg subcutaneous
in the MAD study. Flow cytometric analyses of ICOSL
target occupancy on circulating B cells indicated an IC99

between 3.5 and 14 �g/mL using a simple E max model.
Within the IC99 serum concentration range, a transition
from target-mediated (ie, non-linear) elimination to
linear elimination occurred, likely suggesting ICOSL sat-
uration in blood as well as compartments not measured
(or accessible).
In the MAD study, AMG 557 significantly reduced the

anti-KLH IgG response, but a dose–response to AMG
557 was not readily discernible given the high degree of
variability in the data. Also, 9 of the 51 subjects immu-
nised with KLH had detectable levels of anti-KLH IgG
(eg, >250 ng/mL) prior to KLH immunisation. Parallel
validation of the anti-KLH IgG assay from independent
samples revealed that 16% of healthy volunteers and
12% of subjects with SLE had detectable levels (eg,
>250 ng/mL) of serum anti-KLH IgG. Preincubation
with increasing concentrations of KLH reduced the

Figure 4 Pharmacodynamic effect of AMG 557—inhibition of the anti-keyhole limpet haemocyanin (KLH) IgG response.

Anti-IgM and anti-IgG responses are shown for the placebo subjects and the aggregate AMG 557-treated subjects from the

single-ascending dose (SAD) (A and B) and multiple-ascending dose (MAD) (C and D) studies. Data are shown for all four

graphs by time following the first KLH immunisation on the x-axis and baseline-adjusted anti-KLH IgM (A and C) and anti-KLH

IgG (B and D) values. The second KLH immunisation was administered approximately four weeks later (arrow). The fold change

over baseline is shown on the right y-axis and the baseline-adjusted value (median fluorescence intensity (MFI) for IgM and

concentration for IgG) is shown on the left y-axis; the dashed line indicates a fold change of 1. All AMG 557 doses were pooled

for comparison to the placebo group. The number of values per symbol is indicated at the top of each graph. The plots show the

mean±SEM.
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anti-KLH IgG signal, indicating KLH specificity in the
absence of intentional KLH immunisation, and possibly
cross-reactivity. Protective cross-reactivity between shared
carbohydrate epitopes on KLH and Schistosoma mansoni
has been described in rats.45 Regardless of the origin of
the KLH-binding IgGs in the baseline samples of this
study, the KLH may in fact represent a ‘booster antigen’
and not a ‘neoantigen’, as intended. A post hoc analysis
excluding the preimmunisation-positive subjects in the
MAD anti-KLH IgG data set appeared to clarify the
dose–response relationship in the overall dataset.
Further evaluation of the AUC of anti-KLH IgG levels as
a function of the AUC of AMG 557 serum concentration
clearly shows a visual trend towards a dose–response with
multiple doses of 70 mg subcutaneous as the inflection

point of the curve. This inflection point correlates well
with the steady-state trough concentrations of AMG 557
that were above the IC99 concentration for target
occupancy.
Beyond KLH, ICOSL blockade in subjects with SLE

may reduce subclinical inflammation and GC activity
more broadly, including those that harbour autoreactive
B cells. Bystander cell expression of ICOSL has also
recently been shown in mice to be required for
ICOS-mediated trafficking to form GCs.46 These data
will provide helpful information to guide dose selection
for subsequent efficacy studies.
As expected for subjects with SLE with mild, stable

disease, there were no discernible changes in disease
activity (BILAG, SELENA-SLEDAI), lupus serology,

Figure 5 Effect of dose level on the anti-keyhole limpet haemocyanin (KLH) IgG response in the multiple-ascending dose

(MAD) study. (A) anti-KLH IgG serum values by individual cohort in the MAD study (uncensored). (B) Anti-KLH IgG serum values

by individual cohort in the MAD study with the nine (of 51) pre-existing (ie, pre-immunisation) anti-KLH IgG-positive subjects

removed. For both graphs, data are shown by study day (x-axis) and the anti-KLH IgG mean±SEM (y-axis), the dose level is

indicated in the legend and the number of samples per symbol are shown in parentheses. (C) Mean area under the curve (AUC)

(±SEM) of the serum anti-KLH IgG from the first KLH to 112 days after the first KLH (y-axis) is shown versus the mean AUC

(±SEM) AMG 557 serum concentration from study day 1 to 112 days after the first KLH for the single-ascending dose (SAD) and

the MAD studies. Pre-immunisation anti-KLH IgG-positive subjects from both studies were excluded from the analysis.
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complement levels or circulating lymphocyte subpopu-
lations (data not shown). While the percentage of sub-
jects with a positive ANA at baseline in the MAD study
was surprisingly low, a documented history of a positive
ANA (titre >1:80) was required for enrolment.
Additionally, SLE-associated serum biomarkers (includ-
ing IP-10) as well as ICOS levels on T cells were elevated
at baseline (data not shown), consistent with other
reports in SLE.
The safety profile of AMG 557 appeared acceptable in

these early and small studies, but more data are needed,
particularly with longer-term administration. There was
no evidence of cellular depletion or of aberrant activation
as a result of AMG 557 administration. ICOSL is detect-
able predominantly on the surface of APCs, but it can be
upregulated on endothelial cells and some epithelial
cells, and mRNA can be induced on testes, kidney and
peritoneum.47 48 Additionally, ICOSL has been found on

human placental trophoblast cells.49 We also note that
the 15 described ICOS null patients11–14 50 51 are charac-
terised by low-circulating memory B cells, low-memory
TFH, low IgG, low IgA and manifest clinically with oppor-
tunistic infections and colitis.
Recent advances in targeted therapies for SLE have

validated the cytokine BAFF as a key driver of disease.52

Numerous other targets are currently being pursued in
clinical trials for SLE and related autoimmune condi-
tions.31 The overall safety, PK and pharmacodynamic
biomarker results of these reported phase I studies in
patients with SLE establish ICOSL as a viable target for
pharmacological intervention and support further evalu-
ation of AMG 557 as a therapeutic for SLE and other
autoimmune diseases.
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Figure 6 Serum anti-tetanus

toxin IgG and total IgG levels do

not change over time in the

multiple-ascending dose study.

Serum samples were tested at

baseline (day 1, pre-dose), and

post-dose days 85, 169 and 253

(end of study). Subjects are

grouped by dose level.

(A) Anti-TT IgG levels. For

samples with tetanus antitoxoid

concentration >8.30 IU/mL (the

upper limit of the assay), 8.30 IU/

mL was used for the analysis.

(B) Total IgG levels. The number

of samples tested is indicated in

parentheses in the figure legend.

10 Sullivan BA, Tsuji W, Kivitz A, et al. Lupus Science & Medicine 2016;3:e000146. doi:10.1136/lupus-2016-000146

Lupus Science & Medicine

 on A
ugust 15, 2022 by guest. P

rotected by copyright.
http://lupus.bm

j.com
/

Lupus S
ci M

ed: first published as 10.1136/lupus-2016-000146 on 8 A
pril 2016. D

ow
nloaded from

 

http://lupus.bmj.com/


and overall advice on these studies. Finally, they also wish to thank the
investigators and patients for study participation.

Contributors BAS carried out the flow cytometry, receptor occupancy,
cytometric bead array and anti-TT studies and drafted the manuscript. WT
was the medical monitor for the MAD study and helped to revise the
manuscript. AK participated as an investigator and helped design both studies
and helped to revise the manuscript. JP analysed the serum AMG 557
concentrations and anti-KLH IgG and IgM analyses and helped to revise the
manuscript. GEA analysed and graphed the anti-KLH IgG and IgM and anti-TT
IgG data and helped revise the manuscript. MJB participated in the statistical
analysis of the flow cytometry, KLH and TT analyses and helped revise the
manuscript. KC was the study manager for both studies and helped revise the
manuscript. CLG carried out the flow cytometry and receptor occupancy
analysis and helped revise the manuscript. AK carried out the anti-AMG 557
antibody testing and helped to revise the manuscript. CW performed
statistical analyses on patient demographics and standard biomarkers
(anti-dsDNA) and helped to revise the manuscript. JF carried out cytometric
bead array assays to measure anti-KLH IgG and IgM, participated in the study
design and helped to revise the manuscript. JBC designed the two studies,
oversaw the study execution, oversaw the PK, anti-AMG 557 antibody and
biomarker sample analysis and helped revise the manuscript. All authors read
and approved the final manuscript.

Funding This work and the study presented herein were financially funded by
Amgen, Thousand Oaks, California, USA, and MedImmune, Gaithersburg,
Maryland, USA. AMG 557 is being co-developed by MedImmune (a wholly
owned subsidiary of AstraZeneca) and Amgen and may be referred to as AMG
557 or MEDI5872.

Competing interests All authors are either employees and shareholders or
contractors of Amgen or consultants who have received research support
from Amgen.

Ethics approval See online supplementary appendix A.

Provenance and peer review Not commissioned; externally peer reviewed.

Open Access This is an Open Access article distributed in accordance with
the Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license,
which permits others to distribute, remix, adapt, build upon this work non-
commercially, and license their derivative works on different terms, provided
the original work is properly cited and the use is non-commercial. See: http://
creativecommons.org/licenses/by-nc/4.0/

REFERENCES
1. Nurieva RI, Liu X, Dong C. Yin-Yang of costimulation: crucial

controls of immune tolerance and function. Immunol Rev
2009;229:88–100.

2. Ford ML, Adams AB, Pearson TC. Targeting co-stimulatory
pathways: transplantation and autoimmunity. Nat Rev Nephrol
2014;10:14–24.

3. Zitvogel L, Kroemer G. Targeting PD-1/PD-L1 interactions for cancer
immunotherapy. Oncoimmunology 2012;1:1223–5.

4. Chen L, Flies DB. Molecular mechanisms of T cell co-stimulation
and co-inhibition. Nat Rev Immunol 2013;13:227–42.

5. Choi YS, Kageyama R, Eto D, et al. ICOS receptor instructs T
follicular helper cell versus effector cell differentiation via induction of
the transcriptional repressor Bcl6. Immunity 2011;34:932–46.

6. Weber JP, Fuhrmann F, Feist RK, et al. ICOS maintains the T
follicular helper cell phenotype by down-regulating Kruppel-like factor
2. J Exp Med 2015;212:217–33.

7. Crotty S. Follicular helper CD4 T cells (TFH). Annu Rev Immunol
2011;29:621–63.

8. Baumjohann D, Preite S, Reboldi A, et al. Persistent antigen and
germinal center B cells sustain T follicular helper cell responses and
phenotype. Immunity 2013;38:596–605.

9. Yusuf I, Stern J, McCaughtry TM, et al. Germinal center B cell
depletion diminishes CD4+ follicular T helper cells in autoimmune
mice. PLoS ONE 2014;9:e102791.

10. Shulman Z, Gitlin AD, Weinstein JS, et al. Dynamic signaling by T
follicular helper cells during germinal center B cell selection. Science
2014;345:1058–62.

11. Grimbacher B, Hutloff A, Schlesier M, et al. Homozygous loss of
ICOS is associated with adult-onset common variable
immunodeficiency. Nat Immunol 2003;4:261–8.

12. Warnatz K, Bossaller L, Salzer U, et al. Human ICOS deficiency
abrogates the germinal center reaction and provides a monogenic model
for common variable immunodeficiency. Blood 2006;107:3045–52.

13. Bossaller L, Burger J, Draeger R, et al. ICOS deficiency is
associated with a severe reduction of CXCR5+CD4 germinal center
Th cells. J Immunol 2006;177:4927–32.

14. Takahashi N, Matsumoto K, Saito H, et al. Impaired CD4 and CD8
effector function and decreased memory T cell populations in
ICOS-deficient patients. J Immunol 2009;182:5515–27.

15. Dong C, Juedes AE, Temann UA, et al. ICOS co-stimulatory receptor
is essential for T-cell activation and function. Nature 2001;409:97–101.

16. McAdam AJ, Greenwald RJ, Levin MA, et al. ICOS is critical for
CD40-mediated antibody class switching. Nature 2001;409:102–5.

17. Tafuri A, Shahinian A, Bladt F, et al. ICOS is essential for effective
T-helper-cell responses. Nature 2001;409:105–9.

18. Dong C, Nurieva RI, Prasad DV. Immune regulation by novel
costimulatory molecules. Immunol Res 2003;28:39–48.

19. Paulos CM, Carpenito C, Plesa G, et al. The inducible costimulator
(ICOS) is critical for the development of human T(H)17 cells.
Sci Transl Med 2010;2:55ra78.

20. Coyle AJ, Lehar S, Lloyd C, et al. The CD28-related molecule ICOS
is required for effective T cell-dependent immune responses.
Immunity 2000;13:95–105.

21. Dong C, Nurieva RI. Regulation of immune and autoimmune
responses by ICOS. J Autoimmun 2003;21:255–60.

22. Moore TV, Clay BS, Ferreira CM, et al. Protective effector memory
CD4 T cells depend on ICOS for survival. PLoS ONE 2011;6:e16529.

23. Bauquet AT, Jin H, Paterson AM, et al. The costimulatory molecule
ICOS regulates the expression of c-Maf and IL-21 in the
development of follicular T helper cells and TH-17 cells.
Nat Immunol 2009;10:167–75.

24. Vinuesa CG, Cook MC, Angelucci C, et al. A RING-type ubiquitin
ligase family member required to repress follicular helper T cells and
autoimmunity. Nature 2005;435:452–8.

25. Linterman MA, Rigby RJ, Wong RK, et al. Follicular helper T cells
are required for systemic autoimmunity. J Exp Med
2009;206:561–76.

26. Schaefer JS, Montufar-Solis D, Nakra N, et al. Small intestine
inflammation in Roquin-mutant and Roquin-deficient mice.
PLoS ONE 2013;8:e56436.

27. Iwai H, Kozono Y, Hirose S, et al. Amelioration of collagen-induced
arthritis by blockade of inducible costimulator-B7 homologous
protein costimulation. J Immunol 2002;169:4332–9.

28. Iwai H, Abe M, Hirose S, et al. Involvement of inducible
costimulator-B7 homologous protein costimulatory pathway in murine
lupus nephritis. J Immunol 2003;171:2848–54.

29. Hu YL, Metz DP, Chung J, et al. B7RP-1 blockade ameliorates
autoimmunity through regulation of follicular helper T cells.
J Immunol 2009;182:1421–8.

30. Gonzalo JA, Tian J, Delaney T, et al. ICOS is critical for T helper
cell-mediated lung mucosal inflammatory responses. Nat Immunol
2001;2:597–604.

31. Thanou A, Merrill JT. Treatment of systemic lupus erythematosus:
new therapeutic avenues and blind alleys. Nat Rev Rheumatol
2014;10:23–34.

32. Stohl W. Future prospects in biologic therapy for systemic lupus
erythematosus. Nat Rev Rheumatol 2013;9:705–20.

33. Rahman A, Isenberg DA. Systemic lupus erythematosus. N Engl J
Med 2008;358:929–39.

34. Kotzin BL. Systemic lupus erythematosus. Cell 1996;85:303–6.
35. Hutloff A, Buchner K, Reiter K, et al. Involvement of inducible

costimulator in the exaggerated memory B cell and plasma cell
generation in systemic lupus erythematosus. Arthritis Rheum
2004;50:3211–20.

36. Simpson N, Gatenby PA, Wilson A, et al. Expansion of circulating
T cells resembling follicular helper T cells is a fixed phenotype that
identifies a subset of severe systemic lupus erythematosus. Arthritis
Rheum 2010;62:234–44.

37. Ma J, Zhu C, Ma B, et al. Increased frequency of circulating follicular
helper T cells in patients with rheumatoid arthritis. Clin Dev Immunol
2012;2012:827480

38. Szabo K, Papp G, Barath S, et al. Follicular helper T cells may play
an important role in the severity of primary Sjogren’s syndrome.
Clin Immunol 2013;147:95–104.

39. Liarski VM, Kaverina N, Chang A, et al. Cell distance mapping
identifies functional T follicular helper cells in inflamed human renal
tissue. Sci Transl Med 2014;6:230ra46.

Sullivan BA, Tsuji W, Kivitz A, et al. Lupus Science & Medicine 2016;3:e000146. doi:10.1136/lupus-2016-000146 11

Clinical trials and drug discovery

 on A
ugust 15, 2022 by guest. P

rotected by copyright.
http://lupus.bm

j.com
/

Lupus S
ci M

ed: first published as 10.1136/lupus-2016-000146 on 8 A
pril 2016. D

ow
nloaded from

 

http://dx.doi.org/10.1136/lupus-2016-000146
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.1111/j.1600-065X.2009.00769.x
http://dx.doi.org/10.1038/nrneph.2013.183
http://dx.doi.org/10.4161/onci.21335
nri3405http://dx.doi.org/10.1038/nri3405
http://dx.doi.org/10.1016/j.immuni.2011.03.023
http://dx.doi.org/10.1084/jem.20141432
http://dx.doi.org/10.1146/annurev-immunol-031210-101400
http://dx.doi.org/10.1016/j.immuni.2012.11.020
http://dx.doi.org/10.1371/journal.pone.0102791
http://dx.doi.org/10.1126/science.1257861
http://dx.doi.org/10.1038/ni902
http://dx.doi.org/10.1182/blood-2005-07-2955
http://dx.doi.org/177/7/4927
http://dx.doi.org/10.4049/jimmunol.0803256
http://dx.doi.org/10.1038/35051100
http://dx.doi.org/10.1038/35051107
http://dx.doi.org/10.1038/35051113
http://dx.doi.org/10.1385/IR:28:1:39
http://dx.doi.org/10.1126/scitranslmed.3000448
http://dx.doi.org/10.1371/journal.pone.0016529
http://dx.doi.org/10.1038/ni.1690
http://dx.doi.org/10.1038/nature03555
http://dx.doi.org/10.1084/jem.20081886
http://dx.doi.org/10.1371/journal.pone.0056436
http://dx.doi.org/10.4049/jimmunol.169.8.4332
http://dx.doi.org/10.4049/jimmunol.171.6.2848
http://dx.doi.org/10.1038/89739
http://dx.doi.org/10.1038/nrrheum.2013.145
http://dx.doi.org/10.1038/nrrheum.2013.136
http://dx.doi.org/10.1056/NEJMra071297
http://dx.doi.org/10.1056/NEJMra071297
http://dx.doi.org/10.1002/art.20519
http://dx.doi.org/10.1002/art.25032
http://dx.doi.org/10.1002/art.25032
http://dx.doi.org/10.1155/2012/827480
http://dx.doi.org/10.1016/j.clim.2013.02.024
http://dx.doi.org/10.1126/scitranslmed.3008146
http://lupus.bmj.com/


40. Szabo K, Papp G, Dezso B, et al. The Histopathology of labial
salivary glands in primary Sjogren’s syndrome: focusing on follicular
helper T cells in the inflammatory infiltrates. Mediators Inflamm
2014;2014:631787.

41. Ferbas J, Belouski SS, Horner M, et al. A novel assay to measure B
cell responses to keyhole limpet haemocyanin vaccination in healthy
volunteers and subjects with systemic lupus erythematosus. Br J
Clin Pharmacol 2013;76:188–202.

42. Metz DP, Mohn D, Zhang M, et al. Defining dose-response
relationships in the therapeutic blockade of B7RP-1-dependent
immune responses. Eur.J.Pharmacol 2009;610:110–18.

43. Wang W, Wang EQ, Balthasar JP. Monoclonal antibody
pharmacokinetics and pharmacodynamics. Clin Pharmacol Ther
2008;84:548–58.

44. Morell A, Terry WD, Waldmann TA. Metabolic properties of IgG
subclasses in man. J Clin Invest 1970;49:673–80.

45. Grzych JM, Dissous C, Capron M, et al. Schistosoma mansoni
shares a protective carbohydrate epitope with keyhole limpet
hemocyanin. J Exp Med 1987;165:865–78.

46. Xu H, Li X, Liu D, et al. Follicular T-helper cell recruitment
governed by bystander B cells and ICOS-driven motility. Nature
2013;496:523–7.

47. Aicher A, Hayden-Ledbetter M, Brady WA, et al. Characterization of
human inducible costimulator ligand expression and function.
J Immunol 2000;164:4689–96.

48. Swallow MM, Wallin JJ, Sha WC. B7h, a novel costimulatory
homolog of B7.1 and B7.2, is induced by TNFalpha. Immunity
1999;11:423–32.

49. Petroff MG, Kharatyan E, Torry DS, et al. The immunomodulatory
proteins B7-DC, B7-H2, and B7-H3 are differentially expressed
across gestation in the human placenta. Am J Pathol
2005;167:465–73.

50. Chou J, Massaad MJ, Cangemi B, et al. A novel mutation in
ICOS presenting as hypogammaglobulinemia with susceptibility
to opportunistic pathogens. J Allergy Clin Immunol
2015;136:794–7.e1.

51. Robertson N, Engelhardt KR, Morgan NV, et al. Astute Clinician
report: a novel 10 bp frameshift deletion in exon 2 of ICOS causes a
combined immunodeficiency associated with an enteritis and
hepatitis. J Clin Immunol 2015;35:598–603.

52. Navarra SV, Guzman RM, Gallacher AE, et al. Efficacy and safety of
belimumab in patients with active systemic lupus erythematosus: a
randomised, placebo-controlled, phase 3 trial. Lancet
2011;377:721–31.

12 Sullivan BA, Tsuji W, Kivitz A, et al. Lupus Science & Medicine 2016;3:e000146. doi:10.1136/lupus-2016-000146

Lupus Science & Medicine

 on A
ugust 15, 2022 by guest. P

rotected by copyright.
http://lupus.bm

j.com
/

Lupus S
ci M

ed: first published as 10.1136/lupus-2016-000146 on 8 A
pril 2016. D

ow
nloaded from

 

http://dx.doi.org/10.1155/2014/631787
http://dx.doi.org/10.1111/bcp.12172
http://dx.doi.org/10.1111/bcp.12172
http://dx.doi.org/10.1016/j.ejphar.2009.03.023
http://dx.doi.org/clpt2008170
http://dx.doi.org/10.1172/JCI106279
http://dx.doi.org/10.1084/jem.165.3.865
http://dx.doi.org/10.1038/nature12058
http://dx.doi.org/10.1016/S0002-9440(10)62990-2
http://dx.doi.org/10.1016/j.jaci.2014.12.1940
http://dx.doi.org/10.1007/s10875-015-0193-x
http://dx.doi.org/10.1016/S0140-6736(10)61354-2
http://lupus.bmj.com/

