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Introduction
Adeno-associated virus–mediated (AAV-mediated) gene thera-
py has emerged as a promising treatment approach for a spec-
trum of monogenic genetic disorders (1–4). With the approval 
of the first recombinant AAV vector–based systemic gene thera-
py, onasemnogene abeparvovec (Zolgensma) for the treatment 
of spinal muscular atrophy (SMA), the versatility and clinical 
success of this approach are evident (3). However, while these 
therapies offer a new approach to treat devastating diseases, the 
immunologic responses to AAV vectors pose a unique challenge 
that affects their safety and efficacy (5–7). The activation of the 
innate and adaptive immunologic responses after de novo expo-
sure to AAV, as well as humoral and cellular responses to pre-
existing host immunity, are some of the primary barriers to the 
expanded use of these therapies (8–10).

AAV particles are a potent activator of the innate immune 
system, not only through the physical properties of the capsid 
particle, but also through the response to the high capsid pro-
tein load associated with systemic AAV administration (11–13). 
Pathogen-associated molecular patterns in AAV are recognized 
via the adaptor proteins, Toll-like receptors (TLRs), primarily 
TLR2 and TLR9, which can trigger an innate immune response 
and promote the activation of adaptive immunity through acti-
vation of cytokines and interferons (IFNs) that in turn activate 
CD8+ T cells (8, 12, 14, 15). It is important to note that cytokine 
production is influenced by the Fc γ receptors (FcγRs), which rec-
ognize the Fc region of immunoglobulin G (IgG). FcγRIIa is the 
main cytokine-inducing receptor in humans, which influences 
activation of TLR9, resulting in the production of IFN-α as well 
as other cytokines and chemokines such as TNF-α, IL-1β, IL-6, 
and IL-8 (16). AAV exposure can trigger the complement system, 
an innate defensive mechanism that induces rapid destruction of 
pathogens and acts as a functional sensor of the surface area of 
invading particles (17–19). The complement system is composed 
of more than 30 proteins that play important roles in recogni-
tion and elimination of pathogens (20). Complement activation 
by AAV is primarily antibody dependent (classical pathway), 
triggered by anti-capsid IgM and IgG antibodies that can cause 
complement-mediated cell damage (18). However, studies using 
human samples both in vivo and in vitro demonstrate that com-
plement can be activated by direct interaction of C3 protein and 
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(11, 34, 38). Given the complexity of the processes involved in the 
safety of systemic gene therapy, there is an urgent need to better 
understand and manage the mechanisms of complement activa-
tion following recombinant AAV administration.

In this study, we present a detailed time course and evalua-
tion of complement activation in study participants receiving a 
single i.v. infusion of AAV9-mediated gene therapy. In addition, 
we characterize the complement profile in participants who 
received a systemic dose of AAV9 in conjunction with a target-
ed immune modulation regimen (IMR). When comparing these 
findings in Group 1 versus Group 2, we confirm our hypothe-
sis that transient B cell and T cell immunomodulation (Group 
2) prevents the most significant innate and adaptive immune 
responses following systemic high-dose AAV administration.

Results
The comparative analysis of 2 groups using a distinct IMR was 
used to evaluate the immunological profile after administration 
of a therapeutic i.v. dose of AAV9 in 38 individuals (24 males and 
14 females, age range 1 week to 11.7 years). The 2 groups consist 
of those who received only conventional corticosteroid dosing 
(Group 1, n = 23), which includes 16 participants (Group 1A) with 
SMA treated with Zolgensma and 7 participants (Group 1B) with 
Duchenne muscular dystrophy (DMD) receiving the investiga-
tional product from NCT03368742. Group 2 (n = 15) received rit-
uximab plus sirolimus as the IMR in addition to corticosteroids 
to prevent the formation of anti-capsid antibodies and included 
2 participants (Group 2A) with SMA treated with Zolgensma, 11 
participants (Group 2B) with GM1 gangliosidosis (GM1) receiv-
ing the investigational product from NCT03952637 (NIH), and 2 
participants (Group 2C) with Danon disease receiving the inves-
tigational product RP-A501 (NCT03882437). Table 1 describes 
demographics and treatment received in each group.

After AAV9 infusion, both IgM and IgG increased rapidly in 
Group 1 (prednisone or equivalent). Unlike any natural viral infec-
tion in which the first antigenic exposure is at the earliest stage of 
infection, the antigenic exposure to systemic AAV9 dosing is at 
a peak level within 1 hour of completing the infusion. Saturating 
levels of AAV capsids are found in every tissue compartment and 
certainly in all lymphoid tissue, possibly leading to a more rap-
id adaptive humoral response (KEC, unpublished observations). 
An increase in IgM level was first detected on day 5 after dosing 
and peaked on day 14. IgG was detectable by day 7 and continued 
to increase during the first 30 days after dosing. Group 2 partic-
ipants received rituximab plus sirolimus IMR and there was no 
significant change in either IgM or IgG (Figure 1 and Table 2). The 
antibody increase in Group 1 coincides with a marked decline 
in platelet count and clinically significant thrombocytopenia in 
some participants. Thrombocytopenia has been observed in many 
individuals who receive systemic AAV, including serotypes other 
than AAV9. An additional component of the systemic immune 
response is the increase in fibrin degradation products represent-
ed by the finding of elevated D-dimer in plasma. Extensive plate-
let depletion or increased D-dimer was not observed in Group 2 
(Figure 2 and Table 3). Importantly, Group 1 showed activation 
of the complement system, as demonstrated by reduction in C3 
and C4, as well as increased C3a, C4a, C5a, Ba, Bb, and SC5b-9  

AAV capsid proteins (alternative pathway) (8, 11, 21). Zaiss et al. 
demonstrated that AAV capsid particles interact with the com-
plement proteins C3, C3b, iC3b, and complement regulatory 
factor H (11, 12, 22, 23). All pathways result in the formation of 
the C3 convertases (C4b2b), which cleave C3 into C3a and C3b. 
C3b binds to C4b2b and creates C5 convertase (C4b2b3b). C5 
convertase produces the most potent small peptide mediator of 
inflammation, C5a, and the large active fragment, C5b, which 
initiates the late events of complement activation. C5b binds to 
C6, C7, C8, and C9 to generate the soluble C5b-9 (SC5b-9) mem-
brane attack complex (MAC), leading to cell lysis and cell death 
(17, 24). Both C5a and MAC can cause acute hepatic and myocar-
dial injury (25). Liver injury is reflected in the early elevation of 
aspartate aminotransferase (AST) and alanine aminotransferase 
(ALT) following systemic AAV exposure. Similarly, vector-an-
tibody complexes are deposited on endothelia and cardiomyo-
cytes. The MAC’s mechanism of cell membrane perforation is 
similar across affected cells, and may cause contemporaneous 
troponin leakage and AST/ALT elevation.

Evidence from ongoing clinical trials (ClinicalTrials.gov 
NCT03368742, NCT04281485, and NCT03882437) suggests 
that high doses (5 × 1013 to 2 × 1014 vg/kg) of AAV significantly 
increase complement activation. Some participants in these 
studies presented with severe and life-threatening inflammatory 
responses that were likely secondary to the activation of the com-
plement system (12, 26–30). In addition to nausea, fever, and vom-
iting likely due to cytokine release, participants presented with 
complement-mediated thrombotic microangiopathy (CM-TMA) 
(31), acute kidney injury due to atypical hemolytic uremic syn-
drome–like (aHUS-like) complement activation, thrombocyto-
penia, and immune-mediated myocardial injury (28, 31–33). Acti-
vation of complement is a major safety consideration for gene 
therapy, as growing evidence suggests that high-dose intravenous 
(i.v.) AAV infusion or high exposure to AAV empty capsids leads 
to antibody-dependent activation of the complement system in 
human plasma (34). Additionally, local tissue activation of com-
plement should be considered a consequence of improved AAV 
capsid specificity based on capsid development and evolution, 
which may deposit higher levels of AAV in targeted tissue beds.

Cases of life-threatening complement activation have been 
managed with hemodialysis, platelet transfusion, and attempts to 
blunt the complement-mediated adverse events with C5 inhibition  
via eculizumab, a monoclonal antibody (mAb) that binds to 
C5 (28). The clinical findings of severe TMA have also been 
observed in several participants who developed complement 
activation following systemic dosing of AAV after administra-
tion of Zolgensma for the treatment of SMA (30, 35). The find-
ing of acquired hemophagocytic lymphohistiocytosis following 
Zolgensma therapy further demonstrates the broad impact of 
systemic AAV on immune activation (36, 37).

Multiple strategies to mitigate the immunologic response to 
AAV have been evaluated. These strategies include the admin-
istration of (a) high-dose glucocorticoids; (b) rituximab, an anti-
CD20 mAb that depletes many B cell populations, resulting in 
impaired antibody production over time; (c) sirolimus, an mTOR 
inhibitor that assists in the inhibition of T and B cell activation; (d) 
plasmapheresis; and (e) cleavage of all circulating IgG antibodies 
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therapy administration. Of those participants in Groups 1A and 
1B, 6 presented with few to moderate schistocytes between days 
7 and 21 and 2 were newborns. Schistocytes were not observed in 
blood smears for any participants in Group 2A (Figure 4).

Discussion
The data presented here confirm that complement is activated in 
all participants receiving systemic AAV9 infusions without tar-
geted immune management and results in severe inflammatory  

(Figure 3). The additional activation of Ba and Bb indicates 
that both classical and alternative complement pathways were 
involved. In Group 2, there was no detectable activation of most 
of these complement components and there was limited C5b-9 
activation observed, demonstrating that the activation of comple-
ment relies principally on the classical pathway and is antibody 
dependent (Figure 3, Table 4, and Table 5). Additionally, of the 
38 participants, 22 (Group 1A, n = 13; Group 1B, n = 7; Group 2A, 
n = 2) had regular peripheral blood smears performed after gene 

Table 1. Demographics and treatment groups

Group (n) Diagnosis
Subgroup 

(n) Dose (vg/kg)
Total dose 

(range)
Mean age 

(range)
Mean weight 

(range) Immunomodulation
1 (n = 23)  

No immune 
modulation  

regimen

SMAA 1A n = 16 1.1 × 1014 vg/kg 3.5 × 1014 vg to  
1.3 × 1015 vg

15.9 wks  
(1 wk to 20 mo)

5.3 kg  
(3.2–12.5 kg) n = 16 1 mg/kg oral prednisone for 4 weeksB

DMDC 1B n = 3 5.0 × 1013 vg/kg 
n = 4 2.0 × 1014 vg/kg

1.075 × 1015 to  
2.15 × 1015 vg  
3.04 × 1015 to  
6.80 × 1015 vg

8.3 yrs  
(5–14 yrs)  

7 yrs  
(5–10 yrs) 

28.9 kg  
(21.5–43.4 kg)  

23.4 kg  
(15–34.9 kg)

n = 4 1 mg/kg oral prednisone,  
methylprednisolone, and eculizumab.  

n = 1 25 mg prednisone, 250 mg abatacept (i.v.)  
1 week prior, 87.5 mg × 4 abatacept  

(s.c.) weekly starting on day –1,  
methylprednisolone, eculizumab, and Berinert.  

n = 1 1 mg/kg oral prednisone, 200 mg abatacept (i.v.) 
1 week prior, and 50 mg × 4 abatacept (s.c.) weekly 
starting on day –1. n = 1 2 mg/kg oral prednisone, 

methylprednisolone, eculizumab, Berinert, anakinra 
prednisone for 12 weeksB

2 (n = 15)  
Immune  

modulation  
regimen

SMAA 2A n = 2 1.1 × 1014 vg/kg 9.2 × 1014 to  
1.12 × 1015 vg

10 mo (5–32 mo) 
32 wks 

9.3 kg  
(8.35–10.2 kg)

n = 2 1 mg/kg oral prednisolone for 4 weeksB, rituximab, 
and sirolimus

GM1D 2B n = 11 1.5 × 1013 vg/kg 
n = 3 4.5 × 1013 vg/kg

9.96 × 1013 to  
3.84 × 1014 vg  
5.88 × 1014 to  
1.02 × 1015 vg

3.3 yrs  
(7 mo to 10 yrs)  
5.7 yrs (4–7 yrs) 

15.4 kg  
(6.35–25.6 kg)  

19.1 kg  
(13–22.6 kg)

n = 11 1 mg/kg/dose methylprednisolone for 3 days  
and 3 doses of 0.5 mg/kg oral prednisone.  

n = 3 No steroids.

DanonE 2C n = 2 6.7 × 1013 gc/kg 12 yrs  
(11.7–12.3 yrs)

63.1 kg  
(55.7–70.5 kg)

0.8 mg/kg IV methylprednisolone (3 days), then 0.5–0.8 
mg/kg oral prednisone (12 weeks, taper initiated day 10); 

rituximab and sirolimus
AParticipants received Zolgensma. BFollowed by a taper per clinician’s discretion. CParticipants received investigational drug (NCT03368742) under 
IRB-approved protocol at the University of Florida. DParticipants received investigational drug (NCT03952637) under IRB-approved protocol at the 
NIH Clinical Center. EParticipants received investigational drug (NCT03882437) under IRB-approved protocol in NCT03882437.

Figure 1. IgG and IgM antibodies against AAV9. Group 1 (dashed black lines and solid circles) received an i.v. dose of AAV9 without adjuvant immune modula-
tion regimen (IMR). Group 2 (solid red lines and triangles) received IMR with rituximab and sirolimus before an intravenous dose of AAV9. IMR as an adjunctive 
therapy to AAV used in Group 2 prevented the formation of IgG and attenuated the formation of IgM. Data shown as mean ± SEM of Group 1 and Group 2 IgG 
and IgM baseline percentage change. P > 0.05 (nonsignificant), *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001. Note: The split y axis is used to show the 
small response in Group2 compared with the 100-fold-higher antibody responses in Group 1.
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in the certificate of analysis. The micro BCA assay for total pro-
tein concentration is a reliable measure of total capsid antigen 
exposure. The total protein concentration of an AAV preparation 
is linked to the empty/full capsid ratio when the product purity is 
known and therefore allows for comparisons across various AAV 
products. A theoretical product of typical purity at a concentra-
tion of 2 × 1013 vg/mL has a capsid protein concentration of 200 
to 300 μg/mL. Therefore, a systemic infusion of such an AAV9 
drug product will deliver a minimum of 5 mg of capsid protein in 
a newborn and up to 100 mg of capsid protein in an adolescent. 
Such a high exposure is certainly unlike a natural viral infection, 
even in the setting of viral sepsis. The second distinguishing 
feature of therapeutic AAV use is that a systemic dose of AAV9 
at doses greater than 1 × 1013 vg/kg will result in exposure to an 
enormous surface area of the capsid particles (exceeding 20 m2, 
nearly half of the pediatric lung surface area). The innate immune 
response just from the particle surface area alone is a potent stim-
ulus for the adaptive immune response.

responses. TMA may be subclinical based on laboratory find-
ings or in the setting of high viral load leading to serious adverse 
events. A previous in vitro study showed that complement acti-
vation is observed with all adenovirus serotypes tested, includ-
ing serotypes 1, 3, 4, and 9 (39). In addition, Cichon et al. found 
that the presence of preexisting anti-AAV antibodies appeared to 
play an important role in triggering the complement system (39). 
Two key factors likely contribute to the complement response 
and differentiate therapeutic use of AAV from a natural infec-
tion. A unique aspect of systemic AAV gene therapy is the sub-
stantial total dosage administered within a brief infusion win-
dow. A systemic AAV exposure can effectively overpower the 
adaptive immune response, which normally mitigates the impact 
of the majority of viral infections in individuals with a functional 
immune system. Since vector dose is based on the vector genome 
titer of the drug product, there has been limited opportunity to 
evaluate the total protein exposure in systemic AAV dosing when 
there is not a specification for drug product protein concentration  

Table 2. Comparison of groups for IgG and IgM antibodies against AAV9

Group 1 Group 2
n LS mean (SEM) n LS mean (SEM) Diff in LS means 95% CI P value

IgG log10

Day 1 14 –8.85 (14.114) 2 21.10 (34.924) 29.95 (–44.66, 104.56) 0.4289
Day 3 17 –24.60 (13.165) 2 –0.84 (34.765) 23.76 (–49.82, 97.34) 0.5243
Day 5 17 29.42 (13.136) 1 –10.75 (47.835) –40.17 (–138.36, 58.03) 0.4201
Day 7 18 67.59 (12.887) 10 12.45 (17.513) –55.14 (–98.62, –11.66) 0.0135
Day 10 6 137.36 (20.102) NA NA NA NA NA
Day 14 17 158.67 (13.190) 10 50.84(17.513) –107.83 (–151.70, –63.95) <0.0001
Day 21 14 166.09 (14.208) 10 57.75 (17.513) –108.34 (–153.44, –63.25) <0.0001
Day 30 16 187.83 (13.503) 8 59.72 (19.208) –128.11 (–175.11, –81.11) <0.0001

IgM log10

Day 1 10 –46.00 (19.765) 2 31.69 (43.233) 77.69 (–17.23, 172.60) 0.1077
Day 3 14 –6.12 (17.017) 2 30.52 (43.236) 36.64 (–56.12, 129.40) 0.4357
Day 5 12 95.39 (18.126) 1 –5.45 (59.983) –100.84 (–225.18, 23.50) 0.1110
Day 7 14 162.92 (17.017) 10 51.61 (20.460) –111.31 (–165.20, –57.43) <0.0001
Day 10 5 203.85 (27.129) NA NA NA NA NA
Day 14 14 209.29 (17.017) 10 87.99 (20.460) –121.30 (–175.19, –67.41) <0.0001
Day 21 12 193.70 (18.131) 10 94.78 (20.460) –98.92 (–154.01, –43.83) 0.0006
Day 30 13 182.85 (17.577) 9 97.29 (21.575) –85.56 (–141.92, –29.20) 0.0033

Days on which differences between Groups 1 and 2 were significant are bolded. LS, least squares; IgG log10, anti-AAV9 IgG antibody; IgM log10, anti-AAV9 
IgM antibody; NA, not available.

Figure 2. Hematology. Figure shows 
the percentage change from baseline 
for platelet count and D-dimer for 
Group 1 (dashed black lines and solid 
circles) and Group 2 (solid red lines and 
triangles). The data suggest that IMR 
as an adjunctive therapy to AAV used in 
Group 2 limits the depletion of platelets 
and the increase in D-dimer after AAV 
infusion. Data shown as mean ± SEM of 
Group 1 and Group 2 baseline percent-
age change for hematology. P > 0.05 
(nonsignificant), *P ≤ 0.05, **P ≤ 0.01.
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codon-optimized version of the full-length human GLA gene has 
been developed by 4D Molecular Therapeutics for the treatment 
of Fabry disease. Tests for complement activation markers per-
formed at various time points demonstrated that 5 study partic-
ipants developed either aHUS or TMA after receiving 4D-310 in 
combination with prophylactic corticosteroids. Classical pathway 
complement activation was confirmed by an increase in SC5b-9 
levels. The alternative pathway was also activated confirmed by 
an increase in Bb starting approximately 7 days after 4D-310 dos-
ing. Anti-capsid IgM was significantly elevated within the first 5 
days in these participants. Of note, the single participant who had 
the most severe aHUS was found to have had alternative comple-
ment pathway activation at baseline, a finding that may predict 
increased sensitivity to AAV-mediated induction of aHUS and/or 
TMA. In vitro complement activation assays demonstrated that 
the 4D-310 capsid (C102) does not directly activate complement in 
the absence of anti-capsid antibodies. These findings suggest that 
complement activation after 4D-310 dosing was mainly driven  
by IgM binding to C1q. This is consistent with the results of a com-
parative analysis of clinical trials of systemic administration of 
AAV9 described in this report.

Immunosurveillance after AAV gene therapy. This report high-
lights the importance of frequent immunosurveillance during the 
first 30 days after AAV dosing, including comprehensive comple-
ment and hematology panels, D-dimer, and other indicators of 
endothelial activation. In addition, the total anti-AAV antibody lev-
els should be measured before and after administration of AAV gene 
therapies since measuring only the titer of neutralizing antibodies 
provides very little information about the total amount of comple-
ment-activating antibodies, such as IgM (40). As a result of the 
detailed kinetic profile of the innate and adaptive immune respons-
es, we have identified the key time points for optimal evaluation  

We have also demonstrated that the AAV capsid may lead 
to activation of the alternative complement pathway. The com-
plement antigens Ba and Bb are markers of alternative pathway 
complement activation and were identified in Group 1 after 
infusion and remained elevated through day 7, suggesting direct 
interaction of C3 and AAV capsid proteins. The alternative 
pathway can serve as an amplification loop for classical path-
way activation. While there is an antibody response to all AAV 
serotypes that can lead to IgM- and IgG-mediated activation  
of the classical pathway, there is a possibility that unique direct 
interactions of AAV9 with C3 and the potential for great-
er amplification via the alternative pathway are part of the  
pharmacodynamics of AAV9.

These findings confirm our hypothesis that transient B cell 
and T cell immunomodulation (Group 2) prevents the most signif-
icant innate and adaptive immune responses following systemic 
high-dose AAV administration. Some study limitations should be 
acknowledged. First, there is an uneven distribution of AAV prod-
uct exposure between Groups 1 and 2 due to the doses utilized, and 
the participants’ age and size in the respective cohorts. Second, 
while all products are based on AAV9, the manufacturing processes 
differ between the various sponsors, resulting in potential differ-
ences in product quality including purity profiles and CpG content.

Other AAV serotypes can also result in complement activa-
tion. For example, complement activation was observed in adult 
participants with Fabry disease receiving a single i.v. administra-
tion of 4D-310 in combination with prophylactic oral corticoste-
roids (ClinicalTrials.gov NCT04519749 and NCT05629559). The 
capsid component of 4D-310 is 4D-C102, which is an AAV2 capsid 
variant developed through a Therapeutic Vector Evolution discov-
ery platform; 4D-C012 was generated by insertion of a unique 
10–amino acid peptide that is repeated on the capsid surface. A 

Table 3. Comparison of groups for hematology labs

Group 1 Group 2
n LS mean (SEM) n LS mean (SEM) Diff in LS means 95% CI P value

Platelets
Day 1 20 –0.95 (6.254) 12 –8.98 (7.999) –8.03 (–28.38, 12.33) 0.4363
Day 3 21 –20.92 (6.171) 11 –9.36 (8.258) 11.56 (–9.13, 32.26) 0.2706
Day 5 19 –40.96 (6.371) 7 –9.06 (9.664) 31.90 (8.79, 55.02) 0.0072
Day 7 21 –50.23 (6.171) 15 –28.11 (7.488) 22.12 (2.57, 41.67) 0.0270
Day 10 13 –45.48 (7.236) 4 –33.47 (12.152) 12.01 (–16.11, 40.13) 0.4005
Day 14 20 –6.01 (6.261) 15 –12.53 (7.488) –6.52 (–26.19, 13.14) 0.5117
Day 21 19 13.76 (6.372) 15 –3.72 (7.488) –17.48 (–37.29, 2.33) 0.0830
Day 30 19 –1.96 (6.347) 12 –5.08 (7.999) –3.12 (–23.57, 17.33) 0.7627

D-dimer
Day 1 15 75.14 (87.048) 8 2.53 (118.011) –72.61 (–364.99, 219.77) 0.6243
Day 3 17 149.42 (81.624) 8 113.07 (117.978) –36.35 (–321.17, 248.47) 0.8012
Day 5 15 245.38 (87.214) 7 60.62 (125.185) –184.76 (–488.74, 119.22) 0.2316
Day 7 17 147.53 (81.670) 12 23.76 (98.434) –123.77 (–378.36, 130.81) 0.3378
Day 10 10 286.04 (103.641) 1 118.73 (322.753) –167.31 (–837.40, 502.79) 0.6227
Day 14 13 203.87 (92.865) 9 –14.13 (112.078) –218.00 (–508.43, 72.44) 0.1401
Day 21 13 17.88 (91.782) 10 25.22 (106.936) 7.34 (–272.24, 286.92) 0.9587
Day 30 15 169.97 (86.867) 10 144.41 (107.017) –25.56 (–300.63, 249.52) 0.8545

Days on which differences between Groups 1 and 2 were significant are bolded. LS, least squares; D-dimer, fibrin degradation product.
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of the rate of change from baseline and early identification of 
potential serious adverse events; the interval between days 4 
and 10 after AAV dosing is really the critical period, and values 
on day 7 alone may not enable even the most diligent clinician to 
conclude that the risk of TMA is low. We have modeled the immu-
nological event timeline in (Figure 5). Tracking the clinical sta-
tus and predictive laboratory indicators will enable investigators 

and clinicians using future commercial gene therapy products to 
monitor and anticipate clinical findings, which would allow for 
time to increase observation, either as an outpatient or in hospi-
tal. Importantly, we have identified an approach for pretreatment 
using rituximab and sirolimus that protects from an early IgM and 
IgG response that is the key trigger to safety events in the first 
week following systemic gene therapy. Early recognition of the 

Figure 3. Complement system markers. Figure shows C3, C4, C3a, C4a, Ba, Bb, C5a, and SC5b-9 for Group 1 (dashed black lines and solid circles) and 
Group 2 (solid red lines and triangles). Participants in Group 1 presented with activation of the complement system, as demonstrated by a reduction 
in C3 and C4, as well as increased C3a, C4, C5a, Ba, Bb, and SC5b-9. The activation of Ba and Bb indicates that both classical and alternative pathway 
are involved. On the other hand, Group 2 did not show an activation of the complement system, suggesting that IMR as an adjunctive therapy to AAV 
prevents the activation of the complement system. Data shown as mean ± SEM of Group 1 and Group 2 baseline percentage change for complement. 
P > 0.05 (nonsignificant), *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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immunological events described will allow for the opportunity to 
implement other countermeasures, especially for the prevention 
and management of adverse cardiovascular events. Systemic gene 
therapy is one of the few medical therapies devised to date, akin 
to solid organ transplant, that cannot be reversed (41), therefore 
access to detailed safety data will help establish best practices and 
improve the safety of this transformative therapy.

Methods
All samples received from the NIH for complement and cytokine 
analysis were deidentified and under a Confidentiality Agreement 
for Coded Biologic Specimens and Data. Investigations before 
and after gene therapy were performed as follows: All participants 
had baseline labs drawn either on the day before to or on the day 
of infusion prior to any gene therapy administration (day 0). All 

participants received a single i.v. infusion of an AAV9 gene thera-
py product. Following the infusion, labs were drawn on days 3, 5, 
7, 14, 21, and 30 after gene therapy administration as the minimal 
data set. Additional visits were scheduled if needed based on clin-
ical condition or laboratory abnormalities. All labs through week 1 
were drawn through a peripherally inserted central catheter that 
had been placed prior to gene therapy infusion.

Adjunctive immunomodulation to prevent antibodies against AAV. 
Group 2 received prophylactic adjunctive immunomodulation ther-
apy before AAV dosing to prevent antibody development against 
AAV. Participants received a total of 1500 mg/m2 rituximab i.v. 
(Rituxan), divided in 2 to 4 doses received up to day –1 prior to AAV9 
infusion. Prior to each rituximab dose, the participants received 
premedication with oral doses of acetaminophen (15 mg/kg), 
diphenhydramine (1 mg/kg), and methylprednisolone (1 mg/kg).  

Table 4. Comparison of groups for complement system markers: C3, C3A, C4, C4A

Group 1 Group 2
n LS mean (SEM) n LS mean (SEM) Diff in LS means 95% CI P value

C3
Day 1 16 1.73 (4.322) 10 11.46 (5.354) 9.73 (–4.16, 23.62) 0.1663
Day 3 16 5.85 (4.318) 10 16.26 (5.347) 10.42 (–3.49, 24.32) 0.1392
Day 5 15 –3.46 (4.384) 7 14.40 (5.900) 17.86 (3.07, 32.64) 0.0186
Day 7 17 –16.23 (4.253) 11 10.19 (5.230) 26.41 (12.78, 40.05) 0.0003
Day 10 8 –25.87 (5.201) 2 2.42 (9.114) 28.29 (7.46, 49.12) 0.0081
Day 14 16 –16.98 (4.321) 11 15.73 (5.230) 32.71 (18.99, 46.43) <0.0001
Day 21 11 –6.26 (4.759) 11 18.52 (5.230) 24.77 (10.52, 39.02) 0.0009
Day 30 12 3.60 (4.650) 10 22.89 (5.354) 19.42 (5.00, 33.58) 0.0089

C3A
Day 1 5 24.86 (181.497) 2 –9.45 (290.803) –34.32 (–715.47, 646.84) 0.9201
Day 3 5 56.77 (181.497) 5 –1.65 (186.056) –58.42 (–585.10, 468.25) 0.8253
Day 5 5 1120.66 (181.497) 5 –23.65 (186.056) –1144.32 (–1670.99, –617.64) <0.0001
Day 7 5 183.71 (181.497) 8 –22.34 (143.159) –206.04 (–670.85, 258.76) 0.3792
Day 10 5 49.07 (181.497) NA NA NA NA NA
Day 14 4 62.38 (203.711) 8 15.64 (143.159) –46.74 (–546.97, 453.49) 0.8525
Day 21 4 104.75 (203.711) 8 –13.85 (143.159) –118.60 (–618.83, 381.63) 0.6374
Day 30 3 73.72 (237.119) 8 –8.86 (143.159) –82.59 (–638.48, 473.31) 0.7676

C4
Day 1 15 1.92 (7.907) 9 17.94 (10.210) 16.02 (–9.70, 41.74) 0.2198
Day 3 16 18.14 (7.690) 9 10.87 (10.214) –7.27 (–32.80, 18.27) 0.5741
Day 5 14 –41.88 (8.141) 7 20.59 (11.428) 62.47 (34.53, 90.41) <0.0001
Day 7 16 –57.15 (7.706) 10 17.01 (9.782) 74.16 (49.29, 99.03) <0.0001
Day 10 7 –63.71 (11.050) 2 –0.29 (20.162) 63.42 (17.92, 108.93) 0.0066
Day 14 16 –31.02 (7.706) 10 26.39 (9.782) 57.41 (32.54, 82.28) <0.0001
Day 21 12 –1.05 (8.740) 10 36.75 (9.782) 37.80 (11.58, 64.02) 0.0051
Day 30 13 2.70 (8.421) 9 44.90 (10.210) 42.20 (15.82, 68.57) 0.0020

C4A
Day 1 5 21.24 (69.124) 2 56.15 (104.568) 34.90 (–215.84, 285.65) 0.7818
Day 3 5 118.50 (69.124) 5 –11.26 (67.936) –129.76 (–323.70, 64.17) 0.1855
Day 5 5 193.26 (69.124) 5 –7.39 (67.936) –200.65 (–394.59, –6.71) 0.0428
Day 7 5 134.99 (69.124) 8 –33.37 (54.576) –168.36 (–345.18, 8.46) 0.0616
Day 10 5 70.52 (69.124) NA NA NA NA NA
Day 14 4 28.26 (76.335) 8 –23.83 (54.576) –52.10 (–240.14, 135.95) 0.5810
Day 21 4 91.33 (76.335) 8 –33.66 (54.576) –124.98 (–313.03, 63.06) 0.1884
Day 30 3 299.55 (86.954) 8 31.24 (54.576) –268.31 (–473.74, –62.89) 0.0114

Days on which differences between Groups 1 and 2 were significant are bolded. LS, least squares.
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In Group 1B (DMD), additional immunosuppressive drugs were 
used alongside glucocorticoids, including the mAb eculizumab 
that targets C5 (n = 6), the C1 esterase inhibitor Berinert (n = 3), 
and anakinra, an anti–IL-1 receptor antagonist to further block the 
inflammatory response against AAV (n = 1).

In Group 2B, 3 of the 11 participants did not receive corticosteroids 
and the remaining 8 received 0.5 mg/kg oral prednisone for 3 days fol-
lowing gene therapy administration. Along with oral glucocorticoids, 
Groups 1B and 2 received 1 mg/kg i.v. methylprednisolone at least 2 
hours prior to AAV dosing. A summary of corticosteroid dosing and 
AAV9 dose is included in Table 1.

Laboratory assays. Complete blood count, kidney and liver 
function tests, coagulation panel, troponin I levels, C3, C4, and 
SC5b-9 levels were measured at the time points listed above. Any 
residual serum or plasma that was left over after all clinical labs 

The participants also received daily oral sirolimus (Rapamune, 
0.5–1 mg/m2/d, adjusted to maintain a trough level of 3–7 ng/mL) 
starting the day before AAV9 infusion and continuing until day 180 
after gene therapy administration.

Corticosteroid treatment and additional immunosuppressive 
drugs. Participants in Group 1A (SMA) and 2A (SMA) received 
prophylactic oral prednisone (1 mg/kg/d) 1 day prior to AAV gene 
therapy administration and continued for 4 weeks after infusion 
as per the drug insert with consecutive tapering per clinician’s dis-
cretion over 4 to 8 weeks. Six of the 7 subjects in Group 1B (DMD) 
received prophylactic oral prednisone (1 mg/kg/d) 1 week prior to 
AAV administration and continued for 12 weeks with consecutive 
tapering. The remaining participant in Group 1B received 2 mg/
kg/d oral prednisone 1 day prior to and continued at a lower dose 
for 12 weeks after AAV administration.

Table 5. Comparison of groups for complement system markers: Ba, Bb, C5A, SC5b-9

Group 1 Group 2
n LS mean (SEM) n LS mean (SEM) Diff in LS means 95% CI P value

Ba
Day 1 5 –21.41 (40.013) 4 –2.95 (37.451) 18.46 (–99.67, 136.60) 0.7508
Day 3 5 11.28 (40.013) 5 –6.64 (35.086) –17.92 (–133.45, 97.61) 0.7518
Day 5 5 74.41 (40.013) 5 –28.19 (35.086) –102.60 (–218.13, 12.93) 0.0793
Day 7 5 148.88 (40.013) 8 –24.39 (30.346) –173.27 (–283.03, –63.52) 0.0036
Day 10 5 77.00 (40.013) 1 –35.81 (62.414) –112.81 (–264.74, 39.12) 0.1422
Day 14 4 52.54 (42.144) 8 –13.42 (30.346) –65.96 (–178.41, 46.50) 0.2368
Day 21 4 89.25 (42.144) 8 –13.14 (30.346) –102.39 (–214.84, 10.06) 0.0723
Day 30 3 5.14 (45.332) 8 –6.89 (30.346) –12.03 (–128.74, 104.69) 0.8338

Bb
Day 1 5 –9.37 (70.863) 2 6.55 (103.453) 15.91 (–240.50, 272.32) 0.9017
Day 3 5 51.78 (70.863) 5 –3.22 (67.805) –54.99 (–255.48, 145.50) 0.5837
Day 5 5 262.58 (70.863) 5 –24.20 (67.805) –286.78 (–487.26, –86.29) 0.0060
Day 7 5 469.41 (70.863) 8 –18.50 (55.003) –487.92 (–671.09, –304.75) <0.0001
Day 10 5 56.09 (70.863) 1 –29.60 (141.804) –85.69 (–406.47, 235.09) 0.5954
Day 14 4 3.85 (77.465) 8 –9.22 (55.003) –13.07 (–206.26, 180.12) 0.8922
Day 21 4 –10.11 (77.465) 8 –13.43 (55.003) –3.33 (–196.52, 189.86) 0.9725
Day 30 3 18.68 (87.066) 8 –8.97 (55.003) –27.64 (–236.09, 180.80) 0.7911

C5A
Day 1 5 20.92 (61.207) 2 2.14 (83.363) –18.78 (–227.13, 189.57) 0.8572
Day 3 5 83.27 (61.207) 5 37.70 (57.905) –45.58 (–219.04, 127.89) 0.5976
Day 5 5 352.17 (61.207) 5 48.11 (57.905) –304.06 (–477.52, –130.59) 0.0011
Day 7 5 241.72 (61.207) 8 57.02 (48.188) –184.69 (–345.76, –23.63) 0.0260
Day 10 5 64.68 (61.207) NA NA NA NA NA
Day 14 4 22.70 (66.217) 8 61.14 (48.188) 38.44 (–129.91, 206.80) 0.6456
Day 21 4 –34.07 (66.217) 8 39.76 (48.188) 73.83 (–94.52, 242.19) 0.3791
Day 30 3 –37.83 (73.434) 8 31.72 (48.188) 69.55 (–109.74, 248.83) 0.4377

SC5b-9
Day 1 16 –20.03 (141.327) 5 39.38 (246.122) 59.41 (–502.49, 621.30) 0.8348
Day 3 16 199.13 (141.327) 5 60.98 (246.122) –138.15 (–700.05, 423.75) 0.6278
Day 5 14 1018.65 (150.177) 7 133.34 (209.242) –885.31 (–1394.94, –375.69) 0.0008
Day 7 15 614.18 (145.536) 13 190.70 (157.731) –423.48 (–849.98, 3.02) 0.0516
Day 10 8 287.49 (194.661) 2 167.81 (381.182) –119.67 (–965.54, 726.19) 0.7802
Day 14 14 81.53 (150.145) 13 124.90 (157.731) 43.37 (–389.17, 475.91) 0.8431
Day 21 10 16.33 (175.414) 12 109.63 (163.897) 93.29 (–383.48, 570.07) 0.6995
Day 30 10 31.11 (175.346) 10 121.71 (178.671) 90.60 (–406.30, 587.51) 0.7191

Days on which differences between Groups 1 and 2 were significant are bolded. LS, least squares.
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bovine serum (FBS; Cellgro) for 2 hours at 37°C. After being washed 
with PBST, the samples were serially diluted from 1:10 to 1:10,240 with 
a known positive human standard and allowed to bind overnight at 4°C. 
The plates were washed again, followed by addition of a secondary anti-
body (goat anti–human IgG or IgM conjugated with horseradish perox-
idase [HRP]; Invitrogen) at a dilution of 1:20,000 for 2 hours at 37°C. 
Finally, the plates were washed and incubated with 3,3′,5,5′-tetrameth-
ylbenzidine (TMB) peroxidase substrate (Seracare Life Sciences) in the 
dark. Reactions were stopped with 0.1 M phosphoric acid. The reaction 

had been completed was collected for further complement analysis  
and biobanking.

Antibody assay. Total anti-AAV9 IgG and IgM levels in serum were 
evaluated by enzyme-linked immunosorbent assays (ELISAs). Serum 
samples from the participants were assayed for circulating antibodies 
against AAV9 capsid. Briefly, 96-well plates were coated with 1.2 × 109 
AAV9 particles per well in sodium bicarbonate buffer, pH 8.4, overnight 
at 4°C. Subsequently, the plates were washed with a solution contain-
ing PBS and 0.05% Tween 20 (PBST) and then blocked with 10% fetal 

Figure 4. Peripheral blood smear. Sequence of peripheral blood smears after gene therapy administration in patient samples revealing increased schisto-
cytes (blue circles), demonstrating evidence of endothelial damage, burr cells, polychromatic red blood cells, and thrombocytopenia, suggesting thrombot-
ic microangiopathy. Blood smear of a patient with DMD (Group 1B) who received the investigational drug product in NCT03368742.

Figure 5. Immunological event timeline. Events: (1) AAV dosing and capsid biodistribution; (2) platelet, C3, and C4 depletion; (3) aspartate aminotransferase 
(AST) and alanine aminotransferase (ALT) elevation; (4) D-dimer elevation; (5) IgM elevation; (6) SC5b-9, C5a, C3a, and C4a elevation; (7) Bb, Ba, and factor I ele-
vation; and (8) IgG elevation. The curve for each parameter was created using the average values obtained in the corticosteroid monotherapy group. The curves of 
each parameter were overlaid on the graph to show the peaks and trough over time, creating a timeline of events. The amplitude of each curve was adjusted to fit 
all the curves in 1 graph. The ratio of the peaks’ amplitude was maintained from the original data.
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Statistics. Data were summarized using descriptive statistics. Per-
centage change from baseline values for parameters were analyzed using 
mixed-effects models for repeated measures with treatment group, visit, 
and treatment-group-by-visit interaction as fixed effects; and baseline 
values were included as a covariate for analyses on percentage change 
from baseline. A compound symmetry within-subject covariance matrix 
was assumed. SAS v9.4 software (SAS Insititute) was used for the model-
ing. A P value of 0.05 or less was considered significant.

Study approval. This study was approved by the University of Flor-
ida Institutional Review Board.
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product was measured by spectrophotometric absorbance at 450 nm 
using a Gen5 Microplate Reader and Imager Software (BioTek Instru-
ments). Sample titers were calculated using the mean absorbance of up 
to 3 dilutions that were within the linear region of a 4-parameter logistic 
standard curve generated by a known positive human standard.

Multiplex complement assay. Individual complement proteins 
Ba, Bb, C3a, C4a, C5a, SC5b-9, factor H, and factor I were analyzed 
simultaneously in duplicate in plasma or serum samples using the 
MicroVue Complement Multiplex – Standard 8-plex (Quidel, A900) 
according to the manufacturer’s instructions. Briefly, human serum 
(1:100 dilution), plasma (1:100 dilution), high and low controls, or 
assay calibrators were added to microplate wells arrayed with ana-
lyte-specific antibodies that captured Ba, Bb, C3a, C4a, C5a, and 
SC5b-9, thereby immobilizing Ba, Bb, C3a, C4a, C5a, and SC5b-9 on 
their respective locations within the array. The factor H and factor I 
competitive immunoassay reactions occurred simultaneously with 
the Ba, Bb, C3a, C4a, C5a, and SC5b-9 sandwich immunoassays. 
The factor H and factor I assays used capture antibodies specific for 
their respective targets. Human serum (1:100 dilution), plasma sam-
ples (1:100 dilution), high and low controls, or assay calibrators were 
added to microplate wells arrayed with immobilized analyte-specific 
antibodies that capture factor H and factor I. During the sample incu-
bation, factor H present in a sample competed with a fixed amount 
of biotin-labeled factor H for sites on the immobilized antibody. In 
the same step, the factor I present in sample complexed with binding 
sites found on its respective immobilized antibody. In the subsequent 
detection step, biotin-labeled factor I was added and allowed to fill 
all available factor I antibody-binding sites. Following wash steps to 
remove excess biotin-labeled factor I and factor H and unbound pro-
tein, HRP was added to the microplate. After an additional wash, the 
amount of HRP remaining on each location of the array was inversely 
proportional to the amount of factor H and factor I initially present 
in a sample. The amount of conjugated enzyme on each location of 
the array was measured with the addition of a chemiluminescent 
substrate, read on a Q-View Imager LS (Quansys) and analyzed using 
Q-View software v3.12.
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