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Introduction
Thrombotic thrombocytopenic purpura (TTP) is 
a rare (two cases per million people per year)1 
thrombotic microangiopathy characterized by 
microangiopathic hemolytic anemia and severe 
thrombocytopenia. TTP is usually caused by the 
pathologic immune mediated production of anti-
ADAMTS13 autoantibodies that neutralize or 
induce the clearance of the ADAMTS13 protein. 
ADAMTS13 is a disintegrin and metalloprotein-
ase present in plasma that cleaves von Willebrand 
factor (vWF) multimers. Without the proteolytic 
activity of ADAMTS13, the uncleaved ultra-large 
vWF multimers accumulate and induce excessive 
platelet binding and activation leading to the for-
mation of disseminated microthrombosis. Often 
these microthrombi are large enough to induce 
tissue ischemia, and result in platelet consump-
tion and microangiopathic hemolytic anemia, 
leading to the classic clinical presentation. TTP 
can present in isolation as a primary disease or as 
a secondary presentation associated with other 
autoimmune diseases (systemic lupus erythema-
tosus), malignancy, infection, pregnancy or with 
drug exposures. In the United States, TTP is 
most common in the fourth decade of life, in 

women (2–3:1), and in blacks (seven times higher 
incidence).2,3 Despite multiple treatment modali-
ties, long term morbidity and mortality associated 
with each presentation of TTP remains high with 
recent mortality rates as high as 20% with each 
episode.4 Most commonly, patient’s acute pres-
entations are complicated by cerebral vascular 
events, acute coronary events, acute renal injury, 
and bowel ischemia.5–7 Long-term complications 
of TTP remain despite improvements in treat-
ment. Patients experiencing at least one episode 
of TTP are more likely to have arterial hyperten-
sion, have unresolved neurocognitive deficits, suf-
fer from depression, and are more likely to die at 
an early age than matched controls.6

TTP is a life-threatening disease requiring urgent 
diagnosis and treatment, often in intensive care 
units. The mainstay of treatment involves thera-
peutic plasma exchange (TPE).8 Previous studies 
have shown that TPE should be started as soon as 
possible (ideally within 4–8 h of presentation) 
when TTP is suspected.8,9 TPE replenishes 
ADAMTS13 activity and removes the immuno-
logic inhibitor improving survival rates from <20% 
pretreatment era to >80%.8
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Despite these gains in the treatment of TTP, up 
to 20% of patients may remain refractory from 
initial therapy. In addition, the clinical course for 
patients with TTP is often characterized by mul-
tiple relapses, with 30–40% of patients suffering 
at least one relapse requiring re-initiation of treat-
ment.5,7 Relapses are characterized by a severe 
deficiency of ADAMTS13 and the persistence or 
recurrence of anti-ADAMTS13 antibodies. At 
each episode of relapse, the patient is at risk for 
significant morbidity and mortality including the 
acute complications of TTP and the resultant 
end-organ ischemia as well as the complications 
of prolonged in-patient treatment.

Current therapies include TPE and immunomod-
ulation, replenishment of functional ADAMTS13 
enzyme, and control of the underlying autoim-
mune disease, but these do not directly address 
the pathologic formation of microvascular 
thrombi. Caplacizumab, a ‘nanobody’ (described 
in the following) that inhibits the vWF-platelet 
glycoprotein-Ib interaction, blocks the adhesion 
of platelets to vWF multimers preventing the for-
mation of the pathological microthrombi, and 
thus preventing end-organ ischemic damage. 
This novel treatment may actually be the key to 
improving the prognosis associated with TTP.

Development of caplacizumab
The decades-long process that eventually brought 
caplacizumab forth as a treatment for TTP, like 
many discoveries in science, started as a seren-
dipitous finding. As the story goes, students in a 
biology class were assigned the task of isolating 

antibodies from human blood in the late 1980s.10 
Because of a number reasons, these students 
deferred performing this experiment with human 
blood and instead, used camel blood. The results 
showed that camel blood contained a heavy-chain 
only antibody [sometimes referred to as camel 
single-domain antibody], compared with the typi-
cal immunoglobulin composed of a heavy- and 
light-chain (Figure 1). This was followed by sev-
eral years of research that confirmed this finding 
and detailed the antibody repertoire of the 
Camelidae species, showing that heavy-chain only 
immunoglobulins were present in old- and new-
world camelids.11 Despite the lack of a light-
chain, these antibodies had an ‘extensive 
antigen-binding repertoire’ and it was hypothe-
sized that this could ‘. . . be an invaluable asset in 
the development. . .  for diagnostics, therapeutic 
and biochemical purposes.’11

Following the identification of these heavy-chain 
only camel antibodies, their potential therapeutic 
role in a number of conditions were explored. 
Although a more complete list can be found else-
where,12 some of these uses included:

1. inhibiting enzymes, such as erythrocyte car-
bonic anhydrase and porcine pancreatic 
alpha-amylase;13,14

2. targeting ∝-lactamases in bacteria, in order 
to overcome antibiotic resistance;15

3. preventing the formation of amyloid fibrils;16

4. binding to TNFα in a mouse model of 
rheumatoid arthritis;17

5. neutralizing scorpion venom;18

6. targeting tumors in scid mice.19

Figure 1. Comparison of conventional versus camel derived antibodies.
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In the last-mentioned study,19 the variable regions 
of these heavy chains (denoted as VHH) was com-
bined with another VHH into a homodimer. In 
addition, since these VHH domains were the small-
est known fully functional structures derived from 
immunoglobulins, they were coined as a ‘nano-
body’,20 as noted above. Despite the wide array of 
potential uses of a nanobody, be it as a single chain 
or as a dimer, the main focus of research became 
the inhibition of the vWF A1 domain interaction 
with the platelet glycoprotein-Ib receptor.

In particular, use of the dimerized version of the 
anti-vWF nanobody, initially known as ALX-
0081 (Figure 2), was first explored in a cardiovas-
cular setting.21 Using a 3-alanine linker, the 
bivalent ALX-0081 bound tighter to the A1 
domain of vWF and in an ex vivo model simulat-
ing high-flow conditions, platelet adhesion was 
prevented. Furthermore, in a baboon model, a 
lower rate of bleeding was observed when com-
pared with traditional anti-platelet agents, such as 
abciximab and clopidogrel.21 A follow-up proof of 
principle study on the platelets from patients elec-
tively undergoing percutaneous coronary inter-
vention showed that ALX-0081 was able to 
completely prevent platelet adhesion to colla-
gen.22 A substudy noted that this inhibition of the 
vWF–platelet interaction led to an improvement 
in endothelial function, as measured by endothe-
lial pulse amplitude tonometry and the presence 
of endothelial microparticles.23

While the preliminary data for the use of ALX-
0081 in blocking vWF–platelet adhesion in the 
cardiovascular setting appeared promising, atten-
tion was shifted towards blocking this interaction 
in TTP. As noted above, this deadly condition is 
characterized in part by an inappropriate binding 
of platelets to vWF, and as such, this was a natu-
ral extension of ALX-0081’s activity. Using a 
baboon model of TTP, in which the infusion of 

an anti-ADAMTS13 antibody created the pheno-
type of TTP, the efficacy and safety of ALX-0081 
was examined.24 ALX-0081 was administered 
either prophylactically or after laboratory findings 
of TTP were present and it was noted that the 
presence of ALX-0081 was effective in preventing 
and treating the effects of TTP. Reassuringly, 
even though there was a complete inhibition of 
vWF activity noted, an increase in hemorrhagic 
complications was not observed.

Given these findings, a phase II trial in humans 
with TTP was in order.

TITAN trial
The use of ALX-0081, now termed caplaci-
zumab, for treating acquired TTP was evaluated 
in the phase II TITAN study.25 This study was a 
single-blind, parallel design, randomized, pla-
cebo-controlled study at 56 sites worldwide con-
ducted from October 2010 to January 2014. The 
study population included 75 patients experienc-
ing an acute episode of acquired TTP with a 
platelet count of less than 100,000 per cubic mil-
limeter, requiring plasma exchange, and without 
active bleeding. Patients were randomized in a 
1:1 ratio to the study drug or placebo. Patients 
experiencing either their initial episode or recur-
rent episode of TTP were included.

Patients in both arms received standard-of-care 
treatment for acquired TTP including daily 
plasma exchange and immunosuppressive ther-
apy. Approximately, 90% of patients received 
steroids in both arms; 5.6% of patients in the 
treatment group and 23.1% of patients in the pla-
cebo arm received rituximab. Patients in the 
treatment arm received an IV loading dose of 
10 mg of caplacizumab or placebo prior to the 
start of the first plasma exchange following enroll-
ment in the study. Study drug or placebo was 
then administered subcutaneously daily through-
out the treatment period, within 30 min of the 
end of each plasma exchange. Study subjects con-
tinued treatment for 30 days after the last plasma 
exchange for a maximum duration of 90 days and 
could go home with the drug.

The primary end point was the time to confirmed 
normalization of platelet count to 150,000 per 
cubic millimeter, with a confirmation platelet 
count at 48 h and a lactate dehydrogenase (LDH) 

Figure 2. Structure of caplacizumab.
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that was no more than twice the upper limit of 
normal range. Secondary end points included 
exacerbations (defined as recurrent thrombocy-
topenia within 30 days after the end of daily 
plasma exchange requiring re-initiation of daily 
exchange), relapse (a recurrent TTP event more 
than 30 days from the end of daily plasma 
exchange), complete remission status, duration 
and volume of plasma exchange, mortality, and 
safety. A number of exploratory end points 
including time to resolution of creatinine eleva-
tion, time to resolution of troponin (I or T) eleva-
tion, and time to resolution of elevated LDH were 
also examined. Pharmacokinetic data and phar-
macodynamics data of the study drug were also 
collected.

A total of 75 patients underwent randomization 
(69 of whom enrolled before the initiation of 
plasma exchange). Patients receiving the study 
drug saw a 39% reduction in median time to 
response (resolution of thrombocytopenia) with 
an event ratio of 2.20 [95% confidence interval 
(CI), 1.28–3.87, p = 0.005]. Three patients in the 
caplacizumab group experienced exacerbations as 
compared with 11 patients in the placebo group. 
After cessation of the study drug, eight patients in 
the caplacizumab group had a relapse during the 
1-month follow-up period (most occurring within 
10 days of drug cessation) as compared with zero 
patients in the placebo group. Complete remis-
sion after the initial course of daily plasma 
exchanged occurred more frequently in the capla-
cizumab group 81% versus 46% in the placebo 
group. Two deaths occurred during the trial, both 
in the placebo group (one from severe refractory 
TTP and one from cerebral hemorrhage.)

As could be expected, in both groups, exacerba-
tions correlated with continued low levels of 
ADAMTS13 activity. In all patients experiencing 
relapse within 10 days of stopping the study drug, 
ADAMTS13 levels <10% were seen shortly 
before stopping treatment. Patients experiencing 
complete remission were more likely to have an 
increase of ADAMTS13 activity greater than 
10% during the treatment period.

A post hoc analysis also showed that the mean 
number of days of plasma exchange and the mean 
volume of plasma utilized were lower in the capla-
cizumab group during daily plasma exchange (5.9 
versus 7.9 days, and 19.9 versus 28.3 l) and during 

the overall treatment period, including exacerba-
tions (7.7 versus 11.7 days and 25.8 versus 41.8 l).

Also in post hoc analysis, indicators of organ dam-
age including creatinine elevation, troponin I or 
T, and elevated LDH showed a trend toward 
improvement in the mean time to resolution of 
these markers in the caplacizumab group when 
compared with placebo.

Caplacizumab rapidly inhibited vWF as indicated 
by suppression of vWF-ristocetin cofactor activity 
to a mean of less than 20% by day one and 
throughout the treatment period. These values 
returned to baseline within 1 week following the 
end of treatment. Drug-induced antidrug anti-
bodies were detected in three patients in the 
caplacizumab group (9%), but pharmacokinetic 
and pharmacodynamic profiles were not affected 
indicating that there was no neutralizing activity.

Headache and epistaxis were the most common 
adverse events. Serious adverse events were 
reported in 37% of patients in the caplacizumab 
group and 32% in the placebo group. The num-
ber of bleeding-related adverse events was higher 
in the caplacizumab group than in the placebo 
group, however, only three events were consid-
ered severe (i.e. interrupting daily activities, sub-
stantial affecting clinical status, or requiring 
intensive therapeutic intervention).

The authors stated that the use of caplacizumab 
results in a more rapid resolution of TTP epi-
sodes as indicated by faster platelet-count nor-
malization. They suggest that caplacizumab 
immediately inhibits the pathophysiological 
mediator of microthrombosis leading to improve-
ment in organ- damage markers as well as the 
numbers of exacerbations. Given that caplaci-
zumab prevents platelet-aggregation and micro-
thrombus formation faster than conventional 
therapy, the authors suggest that this treatment 
could potentially prevent short- and long-term 
end-organ injury due to ischemia. They also 
argue that the difference seen in relapse rates 
between the groups is likely an effect of caplaci-
zumab delaying an exacerbation until after the 
period of drug administration. Given that 
patients in the relapse group had ADAMTS13 
activity persistently <10% the authors suggest 
that ADAMTS13 activity level could potentially 
guide decisions on the duration of caplacizumab 
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treatment in addition to guiding immunosup-
pressive treatment.

An additional post hoc analysis of follow-up data 
from the TITAN trial showed improvement in the 
frequency of major embolic and thrombotic events 
as well as death in the caplacizumab group as 
compared with the placebo group. In the 30 days 
following initial treatment with caplacizumab or 
placebo, 11.4% of patients in the caplacizumab 
group experienced a major thromboembolic event, 
experienced an exacerbation of TTP or died com-
pared with 43.2% of placebo-treated patients. No 
patients in the caplacizumab group died.26

HERCULES trial
Given the positive results of the TITAN trial, the 
phase III HERCULES trial eventually followed.27 
From November 2015 to April 2017, 145 patients 
were enrolled in the randomized, double-blind, 
placebo control trial at 92 sites world-wide. 
Patients were randomly assigned to receive capla-
cizumab or placebo in addition to the standard-
of-care treatment for TTP. Standard-of-care 
treatment again included daily plasma exchange 
until at least 2 days after platelet count normaliza-
tion, steroids, and other immunosuppressive 
therapy in accordance to clinical practice at each 
site. In total, 43% of patients received rituximab 
during the study period. Other immune-modulat-
ing therapies used in the trial included mycophe-
nolate mofetil, hydroxychloroquine, bortezomib, 
cyclophosphamide, cyclosporine, IVIG, and sple-
nectomy. Randomization was stratified according 
to neurologic involvement. The treatment regi-
men was identical to that of the TITAN trial 
except for allowance of extending therapy for an 
additional 28 days past the initial 30 days as 
guided by risk factors for TTP recurrence. In the 
event of recurrence, patients were switched to 
open-label caplacizumab and daily plasma 
exchange was re-initiated. Patients were followed 
for an additional 28 days after the treatment 
period and any recurrences during this period 
were managed with standard-of-care therapy 
without re-initiation of the study drug.

Again, the primary outcome was time to normali-
zation of the platelet count. Notable secondary 
outcomes included a composite of TTP-related 
death, recurrence of TTP, or major thromboem-
bolic event during the treatment period, recur-
rence of TTP at any time during the trial, 

refractory TTP, and time to normalization of 
three organ-damage markers (LDH, serum cre-
atinine, troponin).

Demographic and baseline disease characteristics 
in the two groups were similar except for the per-
centage of patients with initial as compared with 
recurrent TTP episodes, with more patients pre-
senting with their initial presentation in the capla-
cizumab group. The diagnosis of TTP was 
confirmed by baseline ADAMTS13 activity 
<10% in 85% of patients and in all but seven 
patients, the diagnosis was confirmed by history 
or an ADAMTS13 activity level <10% at some 
other point during the trial.

Median time to normalization of the platelet 
count was significantly shorter in the caplaci-
zumab group with a rate ratio of 1.55 (95% con-
fidence interval 1.09–2.19; p = 0.01). Patients 
who received caplacizumab had a 74% lower inci-
dence (12% in the caplacizumab group versus 
49% in the placebo group) of the composite out-
come of TTP-related death, recurrence of TTP, 
or major thromboembolic event during the treat-
ment period. Patients in the caplacizumab group 
also had a 67% lower incidence of recurrence 
(12% of patients in the caplacizumab group and 
38% in placebo group) and there were no patients 
with refractory disease in the treatment group. 
Normalization of the three organ damage markers 
again occurred somewhat sooner in patients who 
received caplacizumab.

Patients in the caplacizumab group required 38% 
fewer days of plasma exchange, received 41% less 
plasma volume, had a 65% shorter stay in the 
intensive care unit, and 31% shorter duration of 
hospitalization.

Immunogenicity again did not play a role in either 
clinical efficacy or in laboratory measures of 
inhibitor of vWF. There were significantly more 
bleeding events in the caplacizumab group, but 
these were largely mild or moderate in severity 
and commonly mucocutaneous bleeding. There 
were four deaths during the trial, and all were 
TTP related (one in the treatment group, three in 
the control group). No deaths occurred while on 
treatment with caplacizumab.

The HERCULES trail again showed improve-
ment in TTP therapy with caplacizumab, by illus-
trating faster resolution of thrombocytopenia, 
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decreased health care resource utilization, and 
improvement in TTP-related death, recurrence, 
and major thrombotic events. There were also 
fewer relapses in the HERCULES trial compared 
with the TITAN trial validating the theory that 
continued treatment with caplacizumab and 
modulation of immunotherapy in the setting of 
continued low ADAMTS13 activity levels was 
beneficial.

Discussion
Caplacizumab clearly improves important patient 
centered outcomes such as- thromboembolic 
event rate, death rate, relapse rate, hospitaliza-
tion/ICU time, days of TPE, and time to normali-
zation of markers of end-organ ischemic damage. 
It was recently approved by the FDA for acquired 
TTP in February 201928 after receiving fast track 
designation. Since that time, providers have been 
considering how to incorporate caplacizumab 
into their standard treatment algorithms for TTP. 
It is estimated that up to 20% of patients die from 
each episode of TTP despite current available 
treatments, with most deaths occurring within 
30 days of diagnosis. It is important to note that 
caplacizumab has not been studied in congenital 
TTP populations and it is unclear what if any role 
it has in treating these patients.

As demonstrated in the TITAN and HERCULES 
trials caplacizumab decreases morbidity and mor-
tality of an already morbid disease. It prevents the 
interaction between vWF and platelets yielding a 
direct and timely intervention to block the forma-
tion of microthrombi. The combination of caplaci-
zumab with TPE protects patients with acquired 
TTP from the end-organ. Damage associated with 
platelet consumption and microvascular thrombo-
sis while immunosuppression reaches full effect. 
This protection could alter the course of the dis-
ease, potentially preventing long-term morbidity 
and mortality. As also illustrated in the trials, capla-
cizumab may also prevent recurrence in a signifi-
cant number of patients. Long-term results from 
the POST-HERCULES trial are still pending but 
they hope to provide more information regarding 
the long-term safety and efficacy of caplacizumab, 
the repeated use of caplacizumab, and to further 
characterize the long-term impact of TTP.

Despite the clear advantages of treatment with 
caplacizumab, this therapy does not address the 

underlying pathophysiology of TTP; as it does 
not address the ADAMTS13 inhibitor or its pro-
duction/elimination. Caplacizumab simply blocks 
the downstream effects of platelet consumption 
and microthrombus production. Treatment of 
the underlying auto-antibody production would 
still be an essential part of TTP treatment with or 
without caplacizumab therapy. Treatment strate-
gies usually involve steroids and in refractory 
cases other immunosuppressant medications.

The humanized anti-CD20 monoclonal anti-
body, rituximab, was originally used in TTP 
patients with refractory disease or in those with 
early exacerbations. Rituximab acts through 
B-cell depletion, suppressing the production of 
the anti-ADAMTS13 antibody and increasing 
ADAMTS13 activity. In several retrospective 
studies, most patients (about 90%) treated with 
weekly rituximab after suboptimal response to 
standard therapy were able to achieve remission 
in generally less than 4 weeks.29–32 In two prospec-
tive trials of patients with recurrent or refractory 
disease >90% remission rates were seen in 
patients treated with rituximab and no relapses 
were observed during the first year.33,34

The up-front use of rituximab in the initial acute 
setting is more controversial. In 2011, a phase II 
trial demonstrated that front line rituximab plus 
TPE resulted in a shorter hospitalization and 
fewer relapses than compared with historical 
controls.35 Fewer and later relapses were also 
observed in rituximab treated patients in two of 
the largest TTP patient data registries.31,34 It is 
currently unclear if all patients benefit from ritux-
imab36 use upfront as many patients respond well 
to TPE and steroids alone.

Other immune modulatory agents have been 
reportedly used in the relapse or refractory setting 
including vincristine,37–39 cyclosporine,40–44 and 
cyclophosphamide.36,45–48 With a greater under-
standing of the pathophysiology of TTP, other 
agents are being studied as potential therapies. 
N-acetylcysteine, which has been shown to reduce 
large vWF multimers and inhibit vWF-dependent 
platelet aggregation has been used in refractory 
cases and pilot studies are currently underway to 
assess its effectiveness.49 Bortezomib, a proteas-
ome inhibitor targeting plasma cell depletion50,51 
and recombinant ADAMTS13 are also being 
evaluated.52
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The major barrier of caplacizumab use has been 
cost of the drug. Current pricing of caplacizumab 
at the time of publication was more than US$8000 
per dose with treatment regimens recommending 
daily dosing for 30 days following the last plasma 
exchange with the possibility of extended treat-
ment pending the recovery of ADAMTS13 activ-
ity. Given this high cost, hospitals have been 
hesitant to incorporate the drug into their stand-
ard formulary and providers have been cautious 
with implementing a standard use policy. Many 
patients will completely recover from the first epi-
sode of TTP with no complications or relapses 
with TPE and steroids alone.3,7,8 Given this, there 
is appropriate concern that up front universal uti-
lization of caplacizumab could lead to over treat-
ment in a significant number of patients as well as 
contribute to the already significant inflation of 
health care costs, similarly to the up-front use of 
rituximab.

In addition, given its limited availability (likely 
limited to tertiary care centers) and the delay in 
treatment required for insurance approval, clini-
cal practice stands to differ significantly from the 
phase II/III protocol in that patients will most 
likely not receive the first IV loading dose within 
the first 24 h of illness presentation or prior to the 
first TPE. Whether this change in dosing admin-
istration limits the potential benefits of the medi-
cation is not currently known, and results from a 
‘real-world’ cohort would ultimately demonstrate 
caplacizumab’s practical usage.

Interestingly, a recent correspondence in the New 
England Journal of Medicine was published that 
recounted the treatment of a Jehovah’s witness 
with TTP who refused transfusion of plasma.53 A 
63-year-old woman presented with spontaneous 
purpura, mild anemia, thrombocytopenia, ele-
vated LDH, and <5% ADAMTS13 enzyme 
activity. She was treated initially with high dose 
steroids, rituximab, and anti-hemophilic factor 
VIII. On days 4–10 of her hospital stay she devel-
oped worsening confusion and multiple episodes 
of transient right facial droop and aphasia. She 
was initiated on caplacizumab on hospital day 11 
and on day 14 her platelet count had normalized. 
She suffered only mild epistaxis as a side effect 
from caplacizumab. Her neurologic symptoms 
resolved, and she was discharged home to com-
plete 30 days of caplacizumab treatment. At the 
time of follow up, she remained well and 

continued to have normal ADAMTS13 activity. 
This interesting case poses the possible future 
treatment of TTP without TPE, especially in 
patients with a contraindication to this therapy. 
Caplacizumab could prevent the negative patho-
physiologic effects of microthrombus formation, 
while immune modulatory therapy controls the 
ADAMTS13 inhibitor. This methodology could 
also avoid the complications of plasma exchange 
including complications of central lines, risk of 
infusion reactions and in severe cases anaphylaxis 
to plasma, and life-threatening hypocalcemia.3

Ultimately, the goal remains to improve out-
comes for patients with TTP and to avoid relapse 
and long-term complications. New therapies, 
such as caplacizumab will play a key, though not 
clearly defined, role in treating this complex and 
morbid disease. Treatment algorithms will con-
tinue to be refined, as currently it is not clear 
which patient is more likely to relapse, which will 
not respond to standard treatment algorithms, 
and which is at greatest risk for recurrence: ulti-
mately requiring more aggressive and expensive 
treatment methodologies.
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