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Abstract: Pompe disease is an autosomal recessive disorder caused by a deficiency of acid alpha-glucosidase
resulting in intralysosomal glycogen accumulation in multiple tissue types, especially cardiac, skeletal, and
smooth muscle. Enzyme replacement therapy (ERT) with alglucosidase alfa has led to improved clinical
outcomes and prolonged survival in patients with Pompe disease. While ERT has changed the natural
course of Pompe disease, with many long-term survivors, several factors affect the response to ERT.
Previous studies in Pompe disease have shown that IgG antibodies to ERT can lead to a decline in muscle
strength, pulmonary function, and overall and ventilator-free survival. Additionally, antibody responses to
ERT can also cause hypersensitivity reactions. Various strategies to prevent or eliminate the IgG antibody
response have been attempted in patients with Pompe disease. A detailed literature search was performed
to compile data regarding the consequences of IgG antibodies, clinical approaches to prevent or eliminate
IgG antibodies in patients with Pompe disease, and to expand our understanding of new modalities being
developed in non-clinical settings. All qualifying articles describing the impact of IgG antibodies on the
response to ERT, immunomodulation in patients with Pompe disease, and non-clinical settings identified
via a PubMed database search were included in the review. Here, we provide a comprehensive review of
combination- and single-agent therapies that have been investigated in the context of immune tolerance
induction to ERT in Pompe disease to date. Inmunomodulation strategies that successfully induce immune
tolerance to ERT have improved overall survival, especially reflected in the decreased number of ventilator-
dependent or deceased cross-reactive immunologic material (CRIM)-negative infantile Pompe disease (IPD)
patients due to development of IgG antibodies when treated with ERT alone. Immunomodulation in CRIM-
positive patients at the time they receive ERT also results in a decrease in the development of IgG antibodies
compared to cases treated with ERT alone. Lessons learned from current approaches, alongside results from
trials of novel immunomodulation strategies, may provide important insights into the development of next-

generation therapies.
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Introduction

Enzyme replacement therapy (ERT) has transformed the
natural history of lysosomal storage disorders (LSDs);
yet as with any biopharmaceutical drug, there is a risk of
developing of anti-drug antibodies (ADAs) against ERT,
which can negatively affect the safety and efficacy of ERT.
ADAs have been reported in all LSDs treated with ERT,
with the most significant impact appreciated in patients
with infantile Pompe disease (IPD). Following the advent
of ERT, high and sustained IgG antibodies (HSAT) have
been reported in patients with Pompe disease with resultant
reduction in treatment efficacy, whereas IgE antibodies
are implicated in infusion-associated reactions (IARs) and
anaphylaxis.

The severe deleterious effect of HSAT formation
warrant effective treatment strategies to avert IgG antibody
response in patients with Pompe disease. Mendelsohn
and colleagues administered an immunomodulatory
regimen consisting of rituximab, methotrexate, and IVIG,
in a CRIM-negative IPD patient who developed IgG
antibodies (1,600, IgG antibody titer measured by ELISA)
to ERT (1). They successfully eliminated these antibodies
and demonstrated that immune tolerance to ERT can be
achieved in patients with Pompe disease. Following this first
success, various clinical approaches have been employed in
patients with Pompe disease to prevent and/or eliminate the
development of IgG antibodies to ERT. This has been done
in patients naive to ERT (prophylactic approach), as well as
in patients who developed antibodies to ERT (therapeutic
approach). Prophylactic immunomodulation has included
the use of agents such as rituximab, methotrexate,
rapamycin, sirolimus, mycophenolate, and intravenous
immunoglobulins (IVIGs) in various combinations to
target B-cells and T-cells (2-8). This approach has been
more successful and safer in comparison to the therapeutic
approach, as prophylactic treatment requires a less intensive,
shorter duration of immune suppression with an ability
to immune tolerize the patients. In therapeutic settings,
combination regimens with rituximab, methotrexate, high
dose IVIG, plasma exchange, omalizumab, and bortezomib
have been administered, yielding varying degrees of success
(8-16). In all cases where immune tolerance to ERT has
been successfully induced, the mechanism of immune
tolerance development has not been established.

Pre-clinical studies have been able to advance our
understanding of the immunomodulatory agents currently
used in patients with Pompe disease, such as methotrexate
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and bortezomib. Additionally, current studies have
focused on developing novel immunomodulation agents
and strategies that aim to induce antigen-specific or
antigen targeted tolerance to ERT, rather than employing
systemically immunosuppressive agents. More targeted
approaches may well improve the efficacy and reduce
safety risks associated with agents that are currently applied
in the clinical setting. Furthermore, in silico mapping of
immunodominant T-cell epitopes and the development
of immunological prediction algorithms have advanced
our understanding of mechanistic pathways specific to the
immune response to ERT in Pompe disease. These tools
may facilitate development of more personalized treatments
and identify targets for future therapies.

The objectives of this article are to provide a
comprehensive review of the deleterious effects of ADA
to ERT in the setting of Pompe disease and to describe
both the success or failure of various immunomodulation
strategies that have been administered to patients to date
and novel strategies and mechanistic findings that are under
investigation in the non-clinical settings.

Methods

A systemic literature search of the PubMed database
was performed using key phrases “Pompe disease
immunomodulation”, “Pompe immune tolerance
induction”, “Pompe disease immune”, “Pompe disease
antibodies”, “Pompe disease immune tolerance”,
“Pompe disease tolerance”, and “Pompe disease immune
modulation”, and included all the articles published up to
March 2019. All publications related to immunomodulation
approaches in Pompe disease, in either pre-clinical or
clinical settings, were included. Two reviewers determined
whether an article met inclusion criteria for the literature
review. Articles were excluded from the review if (I) no
English translation was available, (I) the article described
immune response to ERT, but no immunomodulation
was administered, and/or (III) the focus was solely on
eliminating IARs through desensitization or alternative
dosing regimens, with no other intervention(s) taken.
The published articles were stratified based on the
following criteria: (I) pre-clinical or clinical setting; (II)
timing of immunomodulation initiation—prophylactic or
therapeutic setting; and (III) immunomodulation agents
administered. Articles that described immunomodulation
initiation in multiple settings were included in each of
the applicable groups. IgG antibodies were determined
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by Sanofi Genzyme (Framingham, MA, USA) using
enzyme-linked immunosorbent assays and confirmed using
radioimmunoprecipitation, as previously described (17)
unless specified otherwise.

Results

Following the inclusion/exclusion criteria previously
described in the methods section, 61 qualifying articles (out
of 85 total results) were identified using the key phrases.
Of 61 of these results, 13 articles were excluded due to
information overlap. A total of 48 articles published through
March 2019 were included in the review. Details regarding
the study cohort, IgG antibody titers, B cell recovery,
survival, and dosing and administration details of individual
immunomodulation regimens are available in Tables 1-3.

The negative impact of IgG antibodies to ERT in patients
with Pompe disease (1able 4)

The deleterious effects of IgG antibodies to ERT in Pompe
disease were first recognized in the pilot trial of alglucosidase
alfa in three patients with IPD (18). Results from this study
showed a decline in clinical outcome in two cross-reactive
immunologic material (CRIM)-negative IPD patients which
correlated with the development of HSAT. In comparison,
the third IPD patient, a CRIM-positive patient, did not
develop IgG antibodies and exhibited a good response to
ERT. These findings were instrumental in advancing our
understanding of the impact of HSAT on clinical outcome
and revealing a correlation between CRIM status and ADA
development (18). More specifically, the development of
HSAT is strongly influenced by the presence (CRIM-positive)
or absence (CRIM-negative) of endogenous GAA protein;
although the GAA is nonfunctional, its presence is often
sufficient to induce some degree of immune tolerance (19).
In a seminal study assessing the impact of CRIM status on
treatment outcomes in 32 IPD patients, CRIM-negative
patients who received ERT were either deceased or
ventilator-dependent by 27.1 months of age due to the loss
of efficacy of ERT secondary to development of HSAT (19),
whereas most CRIM-positive patients experienced continued
and long-term benefits from ERT. In a follow-up study
exploring the extent of the IgG antibody response in CRIM-
positive IPD patients, 32% of CRIM-positive IPD patients
also developed HSAT to ERT with poor clinical outcomes,
similar to CRIM-negative IPD patients (20,21). These
studies, among others, confirmed the negative impact of
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HSAT in response to ERT (Figure 1) (19,21) rather than
the CRIM status per se. More specifically, the development
HSAT can lead to the following effects on ERT and clinical
outcomes in patients with Pompe disease: inhibition of
enzyme uptake, decrease in catalytic activity, and mistargeting
of ERT into FcR bearing cells, away from the intended
muscle targets (Table 4) (18,19,21-25).

While early evidence showed HSAT formation primarily
in patients with IPD, it has been demonstrated that patients
with late-onset Pompe disease (LOPD; symptom onset
<12 months of age without cardiac involvement or
>12 months of age) can similarly mount HSAT to ERT.
In contrast to patients with IPD, the effect of IgG
antibodies on the efficacy of ERT and the necessity for
immunomodulation in patients with LOPD is still debated
(22,23,25-27). Some studies have shown that development
of HSAT can lead to a poor clinical outcome (23,25),
while other studies have reported that IgG antibodies do
not significantly impact clinical outcomes in patients with
LOPD (22,26,27). Moreover, despite the hypothesis that the
“leaky” splice site variant (c.-32-13T>G), commonly seen
in patients with LOPD, reduces the risk of IgG antibody
formation, there have been reported cases of LOPD
patients with the “leaky” splice site variant who developed
HSAT (22,25). Unlike in patients with IPD in whom
clinical endpoints such as left ventricular mass index, overall
and ventilator-free survival can be easily appreciated, there
is a lack of sufficiently sensitive clinical endpoints to capture
the more gradual changes seen in patients with LOPD.
Further research is warranted to assess the development and
impact of ADA to ERT in LOPD patients.

Prophylactic immunomodulation approaches (Iable 1,
Figure 2)

Rituximab, methotrexate and/or IVIG (5-week short
course)

With the success of rituximab, methotrexate and IVIG
in preventing or eliminating IgG antibodies to ERT
and resultant immune tolerance to ERT (1,8,28), Kazi
et al. evaluated the long-term safety of prophylactic
immunomodulation with rituximab, methotrexate and
IVIG in a cohort of 19 CRIM-negative IPD patients, with
the longest follow-up assessment of IgG antibody titer at
285 weeks (6). Of the 19 CRIM-negative IPD patients,
15 either did not develop IgG antibodies (n=8) or
maintained low IgG antibody titers (n=7) (LT} low antibody
titers defined as titers of <6,400) (7able 2). Three patients

Ann Transl Med 2019;7(13):285 | http://dx.doi.org/10.21037/atm.2019.05.27



(pomutruod) | S[qeL,

Desai et al. Inmunomodulation approaches in Pompe disease

€102

uolje|npowouNwIW| & 18 ObpBIN

0} painqgu1e A|9|0S 8q J0UUBD SHY/| JO UOIIN|OSaY e ”o_vom

PoA|0SaI BI9M SHY| PUe paonpal aiem siayl} Apogiue Hb)| e 1 L L 0 00¥‘9 do L 1 r ‘e 10 oBjIBN
uolssaiddnsounwiwi Jo uonelnp Jabuoj| pasinbay e (008°21-009°1) 210z B30

sjuaiyed yjoq ul 8dUBIS|0} dUNWWI BuldNpUl Ul [NJSS8IONS o 4 4 b4 0 002, NO 2 4 | Jabuissa|\
UoIFe|NPOW SuNWiLI JO Wi} Je sJali} Apogiue mo| pey jusiied e 6002 ‘& 19
90UBJS|0} BUNWIWI PAASIYDY e 1 L V/N 0 009°F NO L I H uyosjspusiy

sayoeoidde uonejnpowounwwi oinadesay |

paulejulew si | 43 0} 80UeIS|0} JaYleym AjLIan o} pue ‘Alajes
SSOSSE 0] papaau S| Hoyod Jabie| e uo dn-moj||o} wial-Buo e

pessesse (0oot‘201-09) NO | 810¢
sjusied adl 0 (71/21) %98 Ul PeAsiyoe 8oUBIS|0} dUNWW| e 4% ch 10N (002'1S-0) 0G 1 00c‘e doel L [9) ‘e 1o 1zey

(qewixniu

aoueUalUleW) uoissaiddns sunwiwi wisl-buo| painbas uswibay e
uojje|npowounwiw}
BI}Ul JO} SYoaM ¢ Ises| 1e A ul Aejep palinbai uswiba

[E1Hul 1O} S € 1ses| 18 Aq 143 ul Aejsp pail 1bsy o a1 L0z
"seipoqnue dojaasp jou pip sjusiied (G/%) %08 e 4 s 14 V/N V/N ‘NO ¥ S 43 ‘Ie 1o Jep|3

90UEBJS|0} dunwiW| BUIABIYOE. Ul [NJSS800Ns 8 0} UMOYS

Alsnoinaid uswiBal 8y} woly Jualeyip sem abesop pue uoieinq e
sjusied 9 Ul 80UBJS|0} BUNWILWII 8oNPUl O} Pajie

qusied (€/2) %99 ul |0} 1 99Npul 0} Pa|IES o (000008-052'0)  dD 2 1102 &
uolssalddns |90 g Buunp uolew.o) Apogiiue pajusAald e [ L [ V/N 000002 ‘ND | [ o) }o ueweOd
143 01 JueJS|0} SUNWIWI dO | 910¢ e e
SJ9M PUE HSAUOD0ISS JOU PIP Ad| @Aebau-NIHO (8/2) %88 o 9 8 8 0 (00821-0) 0 ‘NO 8 6 g piewooig
102
‘Ie 1o 1zey|

uojje|npowouNwWW| JO PUNOJ [eUOIHPPE
11e|np: y B! Uo [euonippi ‘10z 118
UB UM paz1ia|0} sunwiwi s1om sjuaired (61/€) %91 [BUOHPPY euEbnUEg
sjaned anneBou-NIHO 40 (BL/EL) %69 ‘TLOC e o
Ul 82UeJ8|0} WIS}-BUO| SASIYOE 0} 8|gE SEM 9SIN0D 398M-G LOUS e it 9l Sl (009'52-0) 00 (002°LS-0)002 NO 6L 61 v JoBuissoy

sayoeo.idde uonenpowounwwi onoejAydoid

uoneolgnd g AKionooal pus Apnis Jom (syusied
sjusijed jueis|o sniels
SUONEIIWI| PUB UOISN|OUOD 10 aWI 1B 9AI[e HUSHEd IUBISIoY oo g yum  ¥e 4wt Apoguiue H6| Apogiiue HB| yead e ‘ON) 8zIs ,uswibey uoneolgnd
sunwiwi "oN WIHO
sjuened "oN siuened 'ON  (sBuel) sioyy Apoqiue HB| UBIPaIN Hoyoo

Page 4 of 21

mUﬁ—UNCM&QN ﬁOﬁN#E@OEOEEEEM ‘«O %UNU@.«D _UAHN bumww mc MITAIAQ) T O—JNF

Ann Transl Med 2019;7(13):285 | http://dx.doi.org/10.21037/atm.2019.05.27

© Annals of Translational Medicine. All rights reserved.



Page 5 of 21

, Vol 7, No 13 July 2019

icine

Annals of Translational Med

'SUOI}OBaI PAIBIDOSSE UOISNiUl ‘SHY/| ‘8]ge|leAR JoU ‘W/N ‘O ulingojBounww ‘Hb| {Adelay) Juswaoe|dal swAzus ‘143
‘aseasip adwod a|iueul ‘qd| ‘ulingojbounwiwl SnousAeUl ‘DIl {QILUOZBHO] ‘Z1 g ‘qewixnil ‘X 1Y ‘e1exasioyiow ‘X1 IN ‘eaiebau-NIgD ‘NO ‘eAsod-NIHD dD ‘[ersiew olbojounwiwi 8A}0BaI-SS0I0
‘INIED "uoAweded Jo Aep 1sai} uo 8sop a|gnop (Aep/Bw 0'z-G'| ‘BY 0£-02 ‘Aep/Bw G |—0°| ‘DX 0g—01) uloAwedey "Ajsnosueynwis pajenul [je ‘(63/6 g o sesop jusnbasqgns ‘By/6 Q'] 9sop 1si1) OIAI
Alupuow ‘sesop 9x yeam e 80Im} (;w/Bw g'|) 719 ‘sesop Apeem gx (w/Bw G/€) X1 'S ‘yoes sesop Apeam yx z1g pue X1 Aq pemolio} ‘OIAl Alyauow pue XLIN Apfesp 'd ‘sesop Ajpjeem px z1g
uay} ‘DIAI Aluiuow pue X1IN Ayeem Ag pemojjo) ‘sesop Apieem px X1H "D ‘syeem g 1o} (63/61) DIAI AMesM d {(BX/6w 00S-00%) DIAI AIYIUO 718 81040 1sa1y Joye pajemur (w/Bw G1) X1IN
Aptoemiq ‘Z1g 40 s8|9A0 paIY} pue isdiy Buimol|o) sesop Apjeem px X 1Y Jo uondeoxe eyl yum Jeyealays (w/Bw G/¢) X1 doueusiurew Alyjuow ‘(8joAa/sesop 1) sejoko g Joy (w/bw ¢'|) quuozepog
'O ‘(B3/Bw 005-00%) DIAI AlYIUON “(;w/Bw G 1) XLIN Apfesmiq pue X1 eoueusiurew Ajyiuow Ag pemoy|o} ‘714 40 81940 1siiy Joye pareriiul sesop Apjaem px (w/Buw G/¢) X1Y ‘(e1oAd/sesop 1) s8joko ¢ 4oy
(;w/Bw 1) quozepog "N ‘(B3/6w 005-00%) DIAI AU ~(;w/Bw G1) X LN Aeemiq pue X 1Y soueusiurew Ajyyuow Ag pamoj|o) ‘Z1g Jo 8j0A0 puodss Joye pajeniul Sesop Apfeam #x (,w/Bul G/¢)
X14 “(810A0/s950P ¥) S8|0AD ¢ Jo} (,W/Bw g |) qIUOZBUOg ‘N ‘SBSOP X (UMOUNUN 8SOP) DIA| UsY} ‘@Sop |x (Ww/Bw G/¢) X1H AQ Pemo||o} ‘PenURUODSIP 1H JOHE SYIUOW g SUOISSes gx abueyoxe
BWSE|d "] “YBdA | < JO} PONUIUOD PUB |HJ UO SYUOW { Je paleiiul qewnziewQ M syeem 1 Aana (6%/6w 00G) DIAI ‘S Hoom Je pajeriul Ajeam (By/6w G 0) XLIN ‘(SHeem g|—G A1ans ‘sesop ¥) X1H
soueuBjUBW AQ POMOJ|0} ‘SBSOP Apfem px (,w/Bw G/¢) X1H uononpul “f ‘sieem 1 Aene (63/6 °0) DIAI ‘Allressius usalb Apjeam (B3/Bw G 0) XLIN ‘SHeem 1 A1ens X 1Y @oueusiuiew Aq pemoj|o} ‘sesop
Ateem px (Lw/Bui G/€) X 1Y uononpul °| ‘sxeem  Aians (Bx/6w 00G) DIAI ‘L deem Je pajerul Apjeam (B3/6w G'0) XLIN ‘sHoom glL— Aiere X 1Y eoueusiurew Aq pamol|o} ‘sesop Apjeam 4x (,w/Bu G/¢)
X14 uononpu| "H ‘suoisnjul 143 ¢ 1S4l Yum pareniul (810Ao/sesop g) 81940 ¢ 1oy (B3/6w $°0) XLIN "D ‘sieem g1 Aeas (w/Bw G/¢) X1 8oueusiutew ‘(Bx/6w 000° 1-00S) DIAI Alyiuow X 1H uononpul
Y314V paeniul (kep/,w/Buw 1-9°0) snwijoas Ajiep ‘0 deem Je pajeniul Lede sAep ¢1-0L Sosop gx (w/Bw 0G/) X 14 uononpu| o sxeem g| Aioas (w/Bw G2€) X1d @oueusiurew (Bx/6w 000 1-009)
DIAI Aluluow ‘ X 14 uononpul Y314y pareniul (kep/,w/Bw 1-970) snwijolis Ajiep ‘0 3eam e pajeniul sesop Apjeem gx (w/Buw G/¢) X1H uoionpu| -3 syeem gl Aens (w/bw G/¢) X1H eoueusjurew
‘(6x/6w 000°1-008) DIAI Alyauow X114 uononpul 4314y paeniul (kep/,w/Bw | -9 0) snwijodis Ajrep ‘0 3eem je pereniul yede sAep ¢1-0L sesop gx (w/Bw 0G2) X1d uononpul a (Bx/6w 0oy)
DIAI ‘0 Xeem ye pajeniul sbnip yiog ‘yoes sesop Apjeem #x (Bx/6w |) XLIN AQ pemojjo} Ajereipawiwl (w/Bw G/¢) X1Y "D ‘S8Sop 81—} XLIA ‘S8Sop t-1 X1 "9 ‘0 ¥eem je pajeniul (6%/65°0) DIAI
‘0 XooMm e pajenul (jejo} Sesop /L—6) Hoom Jayio Aiens sesop gx (B%/6w $°0) XLIN ‘0 Yeem 1H3T Je pajeniul sesop Apeam #x (w/Bw G/€) X1H °V S|IBI9p UOHEJISIUIUPE UOKEINpOWOUNWW,

XLIN 0 @2e(d ul ulpAwedel jo asn pue uoljeinp ‘Buisop JO SWIs}
ul j0o0304d paysiignd Ajsnoinaid Woiy palayip UOIFBUIqUUOD) e

do | 610¢ /e 18
sejpoque HB| BureuWI[e Ul [NJSS8INS JON o € 0 € 0S2‘1e 0S2'9G 1 ‘NDZ ¢ S uewjeod

uolssalbold esessip

JO/pUe Uofe|npowounwiwi J0 Uoleyul Ul Aejgp o} enp aq pjno
i Hene HO UoRBRILL U ABISP 03 8Nnp 8 PINCO ¢ (008'702-009'52) (002°618-00%'C0L) dO L 8102
80UBJ8|0} BUNWWI 82NPU JOU PIJ e 0 0 V/N 002'GHL 008°09% INO L 4 4D  fejesuamO
possesse /102 e e
80UBJS|0} BUNWIWI 82NPU JOU PIP INg S8Ipogiue HB| peonpey e 8 0 10N 008‘ctH 008702 NO | 8 d Jexuiey
910e
uole|npowouNww| Wwisl-Buo) -
aA8IYOe 0} UojjB|NpOoWOoUNWWI JO 8]9A0 U0 UBY} 8i0W palinbay e (002°618-008002) dD 2 €107 ..\m .
S0UEIS|0} SuNWIWI PBAASIYDY e € € € (009°1-001) 008 008702 ‘;NO L € O‘N‘IN euebnueg
J9A Jayuny saiinbas abueyoxs ewseld Jo Aoeoly] e

seipoqpue ybiy Buneujwie ul
|NySS900NS JouU sem abueyoxe ewse|d 8seo papodal JOYIoUe U| e v10zZ 10
paAslyde sem 80UBIS|0} Sunwiw| e 8 s 8 00}k 009'Se NO | I 1 ojepoeq

QBWNZI[BWO INOYHUM USAS

SJ9}1} MO| paulejuiew aAeY pinom juaiyed ay Ji 1o ‘Juswdojensp

Apognue Hb| s}oeye qewnzijewo Moy Jeajoun sulewsal }| e
juswieal; ay} 0l0c /e e
inoyBnoay siey} HB| Mo paurejurew juslied pue pajosal sHY| e L b V/N oov 0ov NO L L M yosequoy
uoneolgnd q Kienooal pus Apmis i (syusned
sjualjed juels|o snyeis
SUOHEB}IWI| PUB UOISN|OUOD O 8w} 1B OAIle HUSHEC JUBISI0N loo g yum Y& Jeu Apognue H6| Apogiue H6| yead ¥ ‘ON) 8zIs ,uswibey uoneolgnd
) aunwuwi ‘oN . WIHD
sjuafed "oN siuaied 'ON  (sBuei) sieyy Apoqiue Hb| UBIPa| Hoyod

(panurzu03) 1 91qe],

Ann Transl Med 2019;7(13):285 | http://dx.doi.org/10.21037/atm.2019.05.27

© Annals of Translational Medicine. All rights reserved.



Desai et al. Inmunomodulation approaches in Pompe disease

Page 6 of 21

(panuiju0s) g 9[qe],

soA 0 (sreah 52) 0 soA onsod V<5180 V<0182 e
soA umousun (sieek g°1) 008°C1 seA onyebeN  GEGIePLE+9¥9Z cOL+I8YEY  [9PSES O 6t
sop 0 (sieak g'1) 0 SN anebeN 1<O09ge0 1=0095e0 et
so 0 0 SoA anebaN V<9/€220 V<9/€220 9l
son 0 0 OoN aneboN 1<009522 1<0095¢2 vi
SoA 0 (s1eah 6°0) 0 SeA aniedeN dnpg.0g-o dnpg.0g-o cl
SoA 0 0 OoN anneBaN V<D/€220 V<9/£822 8
SUIIOW 9 PUOKSY POMOJ[0} 10N 0 (sieek 9°0) 0 SoA onneboN 1<080920 1<0809¢° z 910z
soA 0 0 oN oneboN 1<08092°0 19PGZS 0 9 1819 piejuIcod
soA (100M 1) 002°€ (108M 02) 002°€ soA anyeboN 119PSzs™o 1=0095¢7° o
soA (s108Mm 8G) 0 0 soA onteboN 1<009522 1009520 8t
SoA (s109m 2€) 002 (s3f09m €) 002 SoA onnedaN 1<00952° 1<00952 LL
SeA (s109m 18) 002 (steam 18) 002 SBA anjedaN Liepzey™d v<d.geed o
LI panuRuod (s>109m ¥81) 00+'9 (s399m 12) 002' kS SeA annedaN 1<0zzg8t o V<1g+yGLL0 St
soA (9102M 251008 (S4eoM 96) 009'ST soA onyeboN L<0reee odnpesz> i
wN (oM 11) 0 0 soA onieboN 1<009522 1=009520 e
auop 10N (s3f09m £G) 00%*9 (s199m 6€) 009'S2 ON annedaN 1<00952" 1<00952 (43
soA (sWeom 112) 0 0 SoA annebeN 1<00952°0 1=0095¢70 H
SeA (S499m 661) 009'S  (S4e9M 661) 009'SE EN anebaN vOD1dnpgezL g6gh o 1<00952™0 oL
SeA (s109m 9v) 008 (st99m 6€) 009°1 ON aniebaN 1<0095¢™0 1<0095¢™ B
SeA (s199m 9v) 00v'9 (s109m 02) 00+'9 ON aniedeN D1I18P92ZS 5250 D119pP92s 5250 «8
SoA (s>#00m 6S) 0019 (s308m L€) 0019 ON annedoN 1<00952° 1<00952 wl
auop 10N (s399Mm 02) 0 0 SoA anedeN 1<00952°0 L19psego 9
EN (s199m 68) 0 0 SeA annebaN [0P9Ye 9€T0 19P9YE 90 «G
SoA (sx09m G82) 0 0 SOA onnedaN 0<12+9r5™0 O<1g+9vG™0 b
SN (oM 182) 0 0 SN aneboN 1<08092°0 1<080920 € 102 =38
oA (s>y09m 89) 0 (s00m 89) 0 ON enneBoN 118pszso V<O8Y§I «< _Mww_mwh%mw h.\mm&mm
SoA (Sf09Mm €01) 002 (seem 8€) 009'L SeA anneBeN LsulLyeo LsuiLyeo <k 12 19 Jobuisso
pus Apnjs Jowm Apoqnue oB| yead > 2 JUBLEA ‘YYD L JUBLIBA ‘YYD
Kianoosl (|90 g 1e Jeyy Apoque Hb| ¢APms snieis INI9O epoousted cozmo__gsn_

(143 uo awn) siey} Apoqnue HB|

40 U 1B BNl

abueyd yNQg Arejusws|dwo)

sayoeodde uonemnpowounurur onoejdydoid jo ma1araA() 7 I[qe],

Ann Transl Med 2019;7(13):285 | http://dx.doi.org/10.21037/atm.2019.05.27

© Annals of Translational Medicine. All rights reserved.



Page 7 of 21

, Vol 7, No 13 July 2019

icine

Annals of Translational Med

‘gqewixniu ‘X 1Y ‘esepisoon|B-eydie pioe Buipoous auab ‘i ‘uoionpul 8ouesa|o} sunwwi ‘|1 ‘Adesay) Juswaoe|dal swAzus ‘143 ‘@|ge|ieAe Jou ‘y/N ‘O ulingojbounwwi ‘66| {eusiew
olfojounwiwl 9A0ES1-SS0I0 ‘INIHO “[£102] *[2 10 1ZeY Ul 6-¢ sjusied ‘[gL0g] ‘/e jo euebnueg ul /-| swueied ‘,, {[£10g] e 1o 1zey ul g pue | sjuened ‘[z10g] /e je sebuissey Ul i pue ¢ sjusied ¢,

V/N (sd99m 9€) 0079 (s09M 82) 00962 SoA aAIISOd V<96.610 119pgego 71adol
V/N (s09m G8) 002' LG (se9m 97) 0020+ SOA AAINISOd 1<009522 V<96.610 €Ladol
V/N (s1e9m €6) 002 (sd09m £6) 002 SoA BAINSOd 0<l¥eeeo <YL zLadol
V/N (sxe0m g1 1) 0% (s1e0m 82) 002‘C SoA SAIHSOd 1<009G22 V<B.ypLd LLadol
V/N (seom zv) 001 (sd98m /) 008 SOA OAINSOd V<OZY6L 0 V<DZr6L 0 o+adol
V/N (sd09m 16) 0079 (s09m 16) 0079 SOA anebaN O<YL0 <YL 6adol
V/N (s09m 6€) 00+ (se9m /) 002'€ SOA AAINISOd 0<V/.62¢0 119pgeg o 8adol
V/N (s199Mm 06) 001> (sd99m 09) 008 SoA BAINSOd 0<H9Gre 0 0<D9G1g 0 ,adol
V/N (sxeem |9) 0 (s1e0m 22) 008 SoA SAIHSOd V<D6.610 1<OpLLLD 9adol
V/N (sxeem 09) 0 (sd00m 61) 002 SOA OAINSOd O<leg+/lev|o <1699 sadol
V/N (sxe9m 18) 00F (sd09m | 1) 002'E SoA SAINSOd D<Y99y |0 1<009520 ¥adol
V/N (s1e9m 61) 00F (s09m G) 008°2H ON AAINISO O<L8LLLD O<L8LLLD €adol
V/N (sdeemgzl) 0 (s1e9m L€) 001> SoA aAISOd V<OLy8Lo V<5¥00L0 2adol
V/N (sxeom 68) 0 (s1e0m ) 002‘E SoA SAINSOd vOD1dnpgezL 262l 0<1€56°0 1Ladol 8102 fe 1o 1zY
XLH panunuod ‘oN 0 0 SoA OAINSOd [9P20Se L0SZ 0 V<DEEBLD 3
X14 penuiuod ‘oN 0 0 SoA aAebaN punoj jou V<D8Y§L0 a
XLY panunuod ‘oN 0 0 SoA anebaN V<DGZ60 V<DGg6 0
X1H penuiuod ‘oN 0 0 SoA aAebeN 1dnpgo. |0 DIOPYEE LD g
SOA uby Asep (s9Mm G) 000005 ON aneboN 1<009520 1<009520 v €102 /e 19 JopIq
(143 uo ow /) sep ubiy paurewsy (syauow 1) 000°002 SoA OAINSOd [OPLE+OYIZ 20 L+1872 0 119pges o €
(143 uo ow 2°g) seA S|oAs) erelpaw.a| (suwuow 1) 0529 SOA SAINSOd V<DL+1GGL0 V<DL+LGGL 4
(LY3 uo ow 2°9) oA ubly paureway (syuow €1) 000°008 SOA aneboN 119pGego 119pGeso L /102 ‘[e 18 uewjeod
pua Apmis Joy Apoquue Hb| seed i 2 UBLEA ‘YYD | JUBLIEA ‘YYD
AIon0oal |99 g ¥e Jayy Apoquue BB AP sniels NIHD 9p09 sljed uonesland

(143 uo sw) siews Apoguue BB

10 pus 1 BAlY

abueyd yNQg Areyusws|dwo)

(panurzu0) 7 31qe],

Ann Transl Med 2019;7(13):285 | http://dx.doi.org/10.21037/atm.2019.05.27

© Annals of Translational Medicine. All rights reserved.



Desai et al. Inmunomodulation approaches in Pompe disease

Page 8 of 21

‘asepisoon|B-eydfe pioe Buipoous
auab ‘yyH ‘uononpul 9oueIs|0} dunwwl ‘[1] ‘Adeisyl uswaeoe|das sawAzus ‘| YT ‘9|ge|ieA. jou ‘y/N ‘O ulngojbounwwi ‘HB| {[eusiew o1bojounuiwl SAI}0BI-SS0ID ‘NIHD

SN (sieeh 9'¢) 052951  (sieak |'g) 052°18L SOA aneboN 1Gzeslepo 1Gesepo ¢
SN (sseeh |°g) 062 Le (sseeh ¢) 0G2'9S 1 SEIN anebeN 1Geslepo 1Gesiepo 2
geglepLe 8eGepLE 6102
SeA (sieah g°g) 0G2‘ L€ (sseah ¢°9) 0G2'95 1L SBA 8AIlSOd +9v92 20} + 18¥2 0 + 992 20} + 18¥e D ! ‘e }8 uewjeod
umoudun  (syuow g1) 009Gz (suyruow 6) 00v'20L ON 8AIHSOd V<D2Zy610 V<OZreLo ¥
umousun (sywow 1) 008702  (sywuow @) 000‘618 ON aniebaN 02-61 suoxa Bujuueds uoidjap snobAzowoy |9AON Z 8102 ‘e 18 suamQ
lepoz L1102
umousun  (sMeem /€) 008l (SM99M G92) 008702 SeA aneboN [eP0Z-0612 81-G6L LD -0612 81-G6LL0  W/N ‘e 18 Jexuey
SN (sxe8M $G5€) 008 (sx80M $9) 008‘V02 SBA 8AIHSOd D<1GG9}0 O<1GS9L0 ¢
S9, SHoaM ¢ SHoaM ¢ S9, anIebs =] el < 0
A (sxe0m €2) 009 | (sxe9m /8) 002'618 A lyebeN DlepPYS9 L 1<0095¢ 4 9102 2 19 1783
SeA (sx9em £8¢) 001 (sxe8m +9) 008702 SOA BAllIsOd [oPLE+9¥92 20L+18720 D<1/0€0 ! R ‘[e jo elebnueg
1suigy8L ™ /¥810 1suigy8L /¥8L 0
1<H9¥8L0 1<D918L™0 ¥102
SN (syuow 91) 001 (sxeem 91) 009°Ge SOA annebeN ‘1ep6es8L €e810 ‘lopee8L €€8L0  VW/N ‘e }8 ojeposQg
0102
e/N (syuow ) 00% (syuow 9) 0 SOA anebaN VSulGLLD VSul/GLLD  W/N ‘e 18 yoreqyoy
€10z
‘e 18 ODiBIN B
SOA (sieah g) 0 (sxe8m 9) 00V‘9 SoA 8AIlSOd 1<069220 V<DG260 VW/N 0102 1219 oppe
SN 0 (ysuow 1) 0082l SOA aneboN v<D/ggg0 Osullepezll 82l ¢ 2102
S8A 0 (syauow ) 009°L SOA anebaN 1<0096¢° 1<009620 L ‘e 3 Jebuissa|N
6002
umouyun 0 (s@eem 91) 009°L SBA aneboN 1<D09520 1<D0952° V/N  '[e}9 uyos|epusiy
pue Apns LI 81035 T WUBLEA ‘YYD | JUBLIBA ‘YYD
Aienooas 1e Joyy Apognue 6| Jeyi Apoquue HB| yesd ¢hpms Jo snyeis NIYD ' ' epod uoneolgnd
o g pus 1e 8|y usled

(143 uo awn) siepy Apogiue OB

abueyd yNQg Aejuswejdwo)

sayoeodde uonempowounwiw onNadeIdyl Jo MIIAIAQ) € I[qE],

Ann Transl Med 2019;7(13):285 | http://dx.doi.org/10.21037/atm.2019.05.27

© Annals of Translational Medicine. All rights reserved.



Annals of Translational Medicine, Vol 7, No 13 July 2019

Table 4 Impact of high and sustained IgG antibody titers to

alglucosidase alfa

Article

Impact

Amalfitano et al. 2001
(2 CRIM-negative IPD
patients)

Kishnani et al. 2009

(11 CRIM-negative and
4 CRIM-positive IPD
patients)

De Vries et al. 2010 (1
LOPD patient, age at
ERT initiation of

50 years)

Banugaria et al. 2011
(11 CRIM-negative and
9 CRIM-positive IPD)

Patel et al. 2012 (3
LOPD patients, age
at ERT initiation of
37, 56, and 57 years
respectively)

Gelder et al. 2015 (2
CRIM-negative and 4
CRIM-positive)

Berrier et al. 2015 (17
CRIM-negative IPD)

De Vries et al. 2016 (12
LOPD patients)

Loss of motor skills

Decline in pulmonary function
Decrease in ventilator-free survival
Decline in muscle function

Decrease in overall and ventilator-free
survival

Less improvement in cardiac response
Regression of motor milestones
Increase in biomarker urinary Gic,

Inhibitory effect on the catalytic
function or stability

Decline in distance walked at 6MWT
Decline in FVC

Increase in number infusion associated
reactions

Decline in muscle strength

Shortened overall and ventilator-free
survival

Worsening of left ventricular mass
index

Loss of motor gains

Increase in biomarker urinary Gic,
Decline in pulmonary function
Decline quality of life

Decline in motor function

Inhibition of enzyme uptake
Ability to walk

Decreased catalytic activity
Loss of motor gains

Decline in ventilator-free and overall
survival

Worsening of the cardiac parameters

Increase in number of infusion
associated reactions

CRIM, cross-reactive immunologic material; IPD, infantile
Pompe disease; LOPD, late-onset Pompe disease; 6MWT, six
minute walk test; Glc,, glucose tetrasaccharide; ERT, enzyme

replacement therapy.
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developed peak IgG antibody titers in the sustained
intermediate titer rage (SI'T; defined as titers of 212,800
and <51,200) and one patient developed HSAT (defined as
titers of =51,200) with a peak titer of 51,200 (6). Fourteen
of the 19 patients received one cycle of immunomodulation
and five patients required more than one cycle. Fifteen of
16 evaluable patients demonstrated B-cell recovery, one
patient was still receiving rituximab at study’s end. Four
patients reported infections in the peri-immunomodulation
period, requiring antibiotic treatment; two developed central
line infections and bacteremia, managed by line removal and
antibiotic treatment; one experienced respiratory syncytial
virus infection; and one suffered an episode of aspiration
pneumonia and enterovirus/rhinovirus infection.

Broomfield et 4l. reported the use of combined rituximab
and methotrexate for immunomodulation in nine IPD
patients, eight CRIM-negative and one CRIM-positive (29).
The immunomodulation regimen was similar to the
approach by Banugaria ez a/. only without IVIG (28). Of the
nine patients, eight patients did not seroconvert and one
CRIM-negative patient developed IgG antibodies with peak
titers of 12,800 (Zable 2). All but one patient who received
immunomodulation had B cell recovery at study termination.
Additionally, two CRIM-negative patients who did not
receive any immunomodulation at the time of ERT initiation
developed HSAT with titers of 204,800. The authors
reported significantly improved survival in CRIM-negative
patients who received immunomodulation compared to the
CRIM-negative patients who received ERT alone (29).

Poelman et a/. utilized a combination of rituximab,
methotrexate, and IVIG in three patients with IPD—
one CRIM-negative and two CRIM-positive (30). While
the immunomodulatory agents used in this protocol were
identical to those described in Kazi et 4., (6) the two differ in
terms of dose and duration of methotrexate administration—
while Kazi et 4/. utilized 3 cycles (3 doses/cycle, total 9 doses)
of methotrexate (0.4 mg/kg/dose) (6), Poelman ez al. used a
less intensive dosing schedule including weekly methotrexate
(1 mg/kg/dose) with each ERT infusion. All three patients
seroconverted with highest observed IgG antibody titers
in each patient of 800,000, 6,250, and 200,000 (7zble 2).
All three patients showed B cell recovery after rituximab
discontinuation; however, B cell recovery coincided with
rising IgG antibody titers. A bacterial infection was reported
in one patient around the time of immunomodulation. All
three patients were alive and ventilator-free at the study
end. Thus, two of three IPD patients were not immune
tolerant to ERT; this could be related to differences in the

Ann Transl Med 2019;7(13):285 | http://dx.doi.org/10.21037/atm.2019.05.27
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2010:
*CRIM status affects treatment
2001: outcomes: CRIM-negative
Pilot trial for CHO-derived patients either deceased or 2012: 2014:
rhGAA. Antibody formation in 2 ventilator-dependent by 27.1 Prediction of CRIM Development of CRIM
CRIM-negative patients months of age (Kishnani et al) status based on assay on PBMCs yielding
correlated with onset of clinical *First report of HSAT in an GAA pathogenic results within 48-72 hours
decline (Amalfatino et al) LOPD patient (de Vries ot a) variants (Bali et al) (Wang et al)
2006: 2011: 2013: 2019:
*0Open-label, multi-national, multi- CRIM-positive patients Pompe disease added iTEM: HLA- and genotype-
center trial: 2 of 8 patients were can also develop HSAT: to Recommended based prediction tool to
CRIM negative and only had transient 32% of CRIM-positive IPD Universal Screening identify patients at risk for
motor gains (Kishnani et al.) patients also developed Panel (RUSP) developing antibodies (de
eAlglucosidase alfa approved by FDA: deleterious IgG antibodies Groot et al)
first treatment available for Pompe to ERT (Banugaria et al)

disease and only treatment to date

Figure 1 Advances in our understanding of CRIM status and the impact of high and sustained IgG antibodies on clinical outcomes.
CHO, Chinese hamster ovary cell; rhGAA, recombinant human acid alpha-glucosidase; CRIM, cross-reactive immunologic material;
HSAT, high and sustained IgG antibody titers; LOPD, late-onset Pompe disease; IPD, infantile Pompe disease; PBMCs, peripheral
blood mononuclear cells; iTEM, individualized T cell epitope measure; IgG, immunoglobulin G; ERT, enzyme replacement therapy;
HLA, human leukocyte antigen.

2012: 2013:
2018:
2009: First successful First use of .
) prophylactic use of RTX, Bortezomib alongisde Transient, low-dose
First therapeutic use of RTX, MTX, IVIG in CRIM- RTX, MTX, IVIG in the .methotrexate shou{n to induce
MTX, IVIG in a CRIM-negative negative patients therapeutic setting fmmune tolgrance n chM_
patient (Mendelsohn et al) (Messinger et al.) (Banugaria et al) positive patients (Kazi et al)

2010-2019:

¢ Alternative dosing regimens and combinations using RTX, MTX, IVIG, and BTZ in prophylactic and therapeutic settings (Markic et
al 2010 & 2013, Banugaria et al.2013, Broomfield et al.2016, Kazi et al.2017, Poelman et al.2017, Owens et al.2018)

* Application of other immune modulating strategies in combination with RTX, MTX, BTZ, and/or IVIG:

*Plasma exchange (Deodato et al.2014)
sSirolimus/mycophenolate (Elder et al.2013. Poelman et a/.2019)
*Omalizumab (Rohbarch et al.2010, Elder et al.2013) .

Figure 2 Clinical applications of immune modulation strategies. RTX, rituximab; MTX, methotrexate; IVIG, intravenous immunoglobulin;

CRIM, cross-reactive immunologic material; BTZ, bortezomib.

dosage and administration regimen from the successful positive) (31). After an initial pre-ERT course of
immunomodulation approaches used by Kazi er 4/. and immunomodulation, ERT was initiated alongside monthly
Broomfield ez al. (Table 2) (6,29,30). IVIG and maintenance rituximab every 12 weeks. One

CRIM-negative patient (who did not receive maintenance
Rituximab, sirolimus or mycophenolate, and IVIG rituximab) developed HSAT (7able 2). In this patient, B
Elder et al. used rituximab in combination with cell recovery was associated with a rapid increase in IgG
mycophenolate or sirolimus to induce B cell depletion antibody titer with subsequent clinical decline and death. In
and T cell modulation prior to exposure to ERT in five four of the five remaining patients, the immunomodulation
IPD patients (four CRIM-negative and one CRIM- prevented antibody formation. These four patients were
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alive at the end of the study and none had developed
bacterial infections attributable to immunomodulation,
which was somewhat surprising in that long-term use of
rituximab as in this regimen can lead to skewing to naive
B cell subpopulations, delayed B cell recovery, inability to
mount a response to vaccines, and consequent increased risk
of infection. A limitation of this approach was the delay in
initiation of ERT by 3 weeks during the initial induction of
rituximab, which can lead to irreversible muscle damage in

such high-risk patients (32,33) and lack of response to ERT.

Transient low-dose methotrexate (TLD-MTX) as a
single agent

Studies in GAA knock-out mice showed that TLD-MTX
initiated with ERT reduced IgG antibodies to ERT through
an IL-10 and B regulatory cell-dependent mechanism (5,34).
Based on these results, an immunomodulation approach
with TLD-MTX was administered to 14 patients with IPD
(13 CRIM-positive and 1 CRIM-negative) (7). Of the 14
IPD patients, 12 maintained LI, one patient developed SIT,
and one patient developed HSAT. The CRIM-negative IPD
patient maintained LT with the highest observed titer of
6,400 (1able 2). Infections in the timeframe of methotrexate
administration were seen in two patients; one patient
suffered rhinovirus infection and the other experienced
respiratory infections. Two IPD patients died due to
cardiorespiratory failure associated with disease progression
and unrelated to immunomodulation. In comparison, 32.4%
of CRIM-positive IPD patients from a historical cohort
treated with ERT monotherapy developed IgG antibody
titers of 212,800 (20). Further studies in larger cohorts of
IPD patients are warranted to evaluate the efficacy of this
approach in achieving long-term immune tolerance to ERT.

Therapeutic immunomodulation approaches (Iable 1,
Figure 2)

Prophylactic immunomodulation approaches co-
initiated alongside ERT have shown considerable
success in minimizing IgG antibody responses and in
many cases, achieving immune tolerance to ERT with
a short course of immunomodulation. On the other
hand, the elimination of pre-existing HSAT has required
prolonged use of immunomodulating agents and ongoing
immunosuppression, yielding varying degrees of success.
The success of such approaches is primarily limited by
failure to target antibody-secreting plasma cells after the
immune response has been established and the lack of

© Annals of Translational Medicine. All rights reserved.
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biomarkers for durable immune tolerance.

Rituximab, methotrexate, and IVIG for treatment of
patients with non-HSAT ADA to ERT

In a case report, Mendelsohn er a/. first described the use
of rituximab, methotrexate, and IVIG for eliminating IgG
antibodies to ERT in a CRIM-negative IPD patient with
titers of 1,600 after 16 weeks on ERT (1). The IgG antibody
titer declined after initiation of immunomodulation
and became negative by 7.5 months following initiation
of ERT and within 3.5 months after initiation of
immunomodulation (1). The same authors described
successful immune tolerance induction in two additional
CRIM-negative IPD patients treated therapeutically with
this combination regimen (8) whose highest antibody
titers were 1,600 and 12,800 after 4 months and 1 month
on ERT (Table 3). IgG antibodies were fully eliminated in
both patients after 3 and 9 months of immunomodulation.
At study’s end, both patients had discontinued all immune
therapy and maintained negative IgG antibody titers with
complete B cell recovery. The success of eliminating ADA
in these cases may be attributable to the relatively low titer
at the initiation of therapy and the prolonged course of
immunomodulation, though given the lack of biomarkers
of immune tolerance, it is not clear at what point in their
respective treatment courses tolerance had been established.
In contrast, such treatment was not successful in the face of
HSAT (see section Bortezomib, rituximab, methotrexate and
IVIG). Additionally, Markic ez al. utilized a similar regimen
in a CRIM-positive patient in whom severe IARs resolved
after induction of immunomodulation (7uble 4) (9,10).

Plasma exchange, rituximab, and IVIG

Plasma exchange is a procedure in which the patient’s blood
is passed through an apheresis machine where the filtered
plasma, along with its content of antibodies, is removed
and discarded with reinfusion of red blood cells along
with replacement fluid. The hypothesis is that removal of
pathogenic antibodies and immune complexes from the
plasma can further reduce damage and potentially reverse
the biological mechanisms generating pathology. Deodato
et al. assessed plasma exchange together with rituximab in
a CRIM-negative IPD patient with severe IARs (11). Prior
to this combined treatment, the patient’s severe IARs led
to discontinuation of ERT for two months. Though IgE
antibodies were absent, the patient’s IgG antibody titers
peaked at 25,600 at week 16. After three plasma exchange
sessions followed by a single dose of rituximab (375 gm/m?)

Ann Transl Med 2019;7(13):285 | http://dx.doi.org/10.21037/atm.2019.05.27
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and IVIG (11), the patient’s IgG antibody titer declined and
remained below 100 with complete B cell recovery (Table 3).
Contrary to the success observed in this case, in another
CRIM-negative patient, albeit one with HSAT, treatment
with cyclophosphamide, IVIG, plasmapheresis, rituximab
and an increased dose of ERT was not successful in reducing
HSAT (35). This approach requires a great deal of caution
in such fragile infants with severe cardiomyopathy as it is a
high-risk procedure with additional complications (36).

Bortezomib, rituximab, methotrexate, and IVIG
Rituximab is a monoclonal antibody directed against the
CD20 molecule expressed on B cells in early to late stages of
normal development. However, CD20 is lost when B cells
differentiate into antibody-producing plasma cells. Thus,
once B cells differentiate into plasma cells, alternative and/
or additional agents must be utilized to address HSAT (37).
Based on the clear need to eliminate antibody-producing
plasma cells, Banugaria ez 4/. added a proteasome inhibitor,
bortezomib, which targets plasma cells in an attempt to
reduce lethal HSAT and potentially to achieve immune
tolerance in Pompe patients. The protocol was initiated in
three patients whose highest observed IgG antibody titers
were 204,800, 819,200, and 204,800 (Tuable 3) and in severe
clinical decline. After multiple cycles of immunomodulation
(3-6 cycles), including bortezomib, all three patients
exhibited a significant decline in their IgG antibody titers
to 100, 6,400, and 3,200, respectively, accompanied by
dramatic clinical improvement. Critically, no serious adverse
events or infections related to this therapy were reported
in these patients. In a follow-up study, Kazi ez 4/. reported
all three patients were maintaining low IgG antibody titers
at 0, 1,600, and 800 with full B cell recovery (1able 3) (14).
Two of three patients had discontinued immunomodulating
agents and were up-to-date on routine vaccinations with
adequate humoral responses to diphtheria and tetanus.
One patient was still receiving maintenance rituximab and
methotrexate, however, frequency of rituximab has been
tapered significantly and patient had been off rituximab for
41 weeks at the end of study. The addition of bortezomib to
the rituximab, methotrexate and IVIG regimen was the first
protocol to successfully eliminate IgG antibodies in patients
with HSAT and also to achieve immune tolerance.

Despite the success of Banugaria er a/. and Kazi et 4l. in
reversing HSAT with the addition of bortezomib, Owens
et al. reported two patients with IPD in whom bortezomib
failed to eliminate HSAT and prevent clinical decline (12).
Both IPD patients (one CRIM-negative and one CRIM-

© Annals of Translational Medicine. All rights reserved.
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positive) developed HSAT leading to clinical decline
and were initiated on immunomodulation. Despite the
reduction in IgG antibody titers with immunomodulation,
both patients continued to decline and died. In contrast
to Banugaria et al., the failure of bortezomib to rescue
these patients can be attributed to administration of a
limited number of bortezomib cycles and advanced disease
progression at the time of bortezomib initiation. These
cases highlight the importance of close and continuous
monitoring of IgG antibody titers, the need for multiple
cycles of immunomodulation in HSAT settings, and timely
initiation of ERT and immunomodulatory therapy prior to
rapid progression of irreversible damage.

Bortezomib, rituximab, rapamycin, and IVIG

Poelman er al. reported their experience with a combination
of bortezomib, rituximab, rapamycin, and IVIG in three IPD
patients, one CRIM-positive and two CRIM-negative (38).
One CRIM-negative IPD patient had received
immunomodulation with rituximab, methotrexate and IVIG
in the ERT-naive setting (30). At study onset, IgG antibody
titers were 156,250, 156,250, and 781,250. Following
immunomodulation with the combination therapies, IgG
antibody titers declined to 31,250, 31,250, and 156,250
(Table 3). Interestingly, all patients had experienced IARs
prior to the immunomodulatory therapy, but these did not
persist following immunomodulation. No serious adverse
event related to immunomodulation was reported. All three
patients had B cell recovery and were alive at conclusion
of the study (38). Although the regimen with bortezomib,
rituximab, rapamycin, and IVIG was able to reduce IgG
antibody titers, it was not successful in eliminating IgG
antibodies and inducing immune tolerance to ERT.

High-dose IVIG

IVIG at doses of 0.5 g/kg has been widely used for IgG
replacement therapy in various immune therapy regimens to
prevent microbial infections in immunocompromised patients
or, at higher doses (1-3 g/kg), as an immunomodulator in
autoimmune diseases. Rairikar et al described an alternative,
novel approach towards immunomodulation with high-dose
IVIG alone in a CRIM-negative patient who broke tolerance
after rituximab, methotrexate, and IVIG combination
therapy (16). Following prophylactic immunomodulation,
this patient developed IgG antibodies to ERT with a peak
titer of 1,600. However, on initiation of a second round
of the combination immunomodulatory regimen, the
patient suffered severe diarrhea, Clostridium difficile colitis,
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respiratory failure, and sepsis, and the treatment was
thus discontinued. After 265 weeks of ERT, the patient’s
antibody levels increased rapidly, to a peak titer of 204,800.
Due to previous adverse events associated with the standard
immunomodulation regimen, high-dose IVIG (1 g/kg
weekly) was initiated, which lead to a steady decline in
antibody titers to 12,800 (16). At this time, this patient
continued to receive IVIG every 2-3 months. Although
high dose IVIG successfully reduced IgG antibodies, it
did not induce immune tolerance to ERT in this patient.
Thus, further studies are required to verify the efficacy
of high dose IVIG alone or in combination with other
immunomodulatory agents.

Omalizumab

Rohrbach et al. reported a CRIM-negative patient who
developed anaphylaxis and was switched to a reduced
dose at a decreased infusion rate alongside pre-treatment
consisting of corticosteroids and anti-histamines. Because
anaphylaxis was attributable to an IgE antibody response,
omalizumab, a monoclonal antibody to IgE, was added
to the pretreatment prophylaxis, due to the inability of
conservative premedication measures to control the life-
threatening hypersensitivity response. The addition of
omalizumab allowed safe ERT administration in this patient
who was then weaned off all other treatments except for
omalizumab. Interestingly, the patient was not only able
to then receive ERT safely without any serious IARs, but
also maintained a low IgG antibody titer throughout the
course of treatment, with the highest IgG antibody titer
of 400. The authors concluded that omalizumab may have
curtailed isotype switching, hence acting as an immune
modulator in this CRIM-negative patient. However, the
underlying mechanism by which omalizumab may affect the
development of IgG antibodies is unclear.

Nonclinical studies (Table 5)

Immunomodulatory agents implemented successfully in
the clinical setting, though antigen targeted, are broadly
immune suppressive, clearly indicating the need for antigen-
specific approaches to improve the safety of immune
tolerance induction (Tuble 5).

In antigen-specific approaches, the antigen is the bait
and only the antigen-relevant lymphocyte populations are
the catch. For example, presentation of ERT encapsulated
in nanoparticles that enhance presentation of the ERT in a
tolerogenic fashion should theoretically induce tolerance to

© Annals of Translational Medicine. All rights reserved.
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rhGAA alone, even when the immune system is challenged
by other antigens. Preclinical antigen specific tolerance
studies in mouse models of Pompe disease have included
oral tolerance induction strategies (39,40), encapsulation
of GAA in aged red blood cells (41), phosphatidylserine-
associated rhGAA (42), and gene therapy(43-47) (1able 5).

In antigen-targeted approaches, lymphocyte populations
are broadly targeted, but the relevant lymphocyte populations
pertaining to specific antigens are targeted by the close
proximity of the tolerizing therapeutic in time and location
with the target antigens and their antigen reactive lymphocytes.
For example, co-administration of rapamycin and ERT
nanoparticles may induce tolerance via the close proximity
of the ERT nanoparticles, ERT-specific lymphocytes and
rapamycin in the liver or lymph node. However, this strategy
may incidentally target and thus tolerize cells mediating
immune responses to other antigens for which tolerance would
not be desirable (e.g., tumor neoantigens). Published literature
has demonstrated promising results in such approaches,
including the use of non-depleting anti-CD3 and anti-CD4
monoclonal antibodies (3,4), inhibition of B cell activating
factors (BAFF) (2), and synthetic vaccine particles carrying
rapamycin (SVP-Rapa) (Tible 5) (48).

Other preclinical studies have further investigated
the mechanisms of immunomodulatory agents such
as methotrexate and bortezomib, which have been
administered clinically in patients with Pompe disease
(1able 5). Findings from these studies can potentially help
refine current treatment algorithms and combination drug
protocols. Furthermore, mechanistic iz vitro and in silico
studies of immune response in Pompe disease can reveal
potential targets for future immunomodulatory therapies
(Table 5). For example, it has been shown that regulatory
T cell epitopes (Tregitopes) play an important role in
immune tolerance induction using liver-specific vector-
mediated gene therapy in Pompe mice (45), but the specific
mechanisms of T cell response remain largely unstudied.
Nayak et al. identified three CD4+ T cell epitopes
contributing to Th2 immunity in Pompe mice, driving
the formation of antibodies to ERT (49). Therapeutic
approaches targeting these epitopes may further improve
the specificity and efficacy of immune modulation in
patients with Pompe disease.

A better understanding of agents currently used in
immunomodulation

Transient, low-dose methotrexate

Joly et al. compared two low-dose methotrexate regimens
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(single cycle ws. three cycles) in Pompe mice treated with
rhGAA, which yielded similar reduction in antibodies
to ERT (78% and 71%, respectively) (5). These mice
generated normal antibody responses upon subsequent
challenge with an irrelevant antigen (antithymocyte
globulin). The mechanism of tolerance appeared to be
induction of regulatory B cells rather than cell depletion,
confirmed by increased numbers of IL-10 and TGF-p
secreting B cells, and adoptive transfer of tolerance from
methotrexate-tolerized mice to naive hosts via splenic B
cells. Because of the heightened infection risk associated
with rituximab (relative to that of low dose methotrexate)
and its often limited availability, low dose methotrexate
would hence be an attractive alternative to rituximab.
However, further studies are still needed to verify the
consistency and magnitude of these effects.

Bortezomib in addition to chaperone therapy

Shimada et a/. 2011 reported that Bortezomib given alongside
a pharmacological chaperone NB-DN]J [to rescue folding,
trafficking, and activity of the mutated GAA protein (50)]
improved the function of mutant GAA protein in patient
fibroblasts carrying GAA pathogenic variant ¢.546C>T (51).
The proposed mechanism of action is that, as a proteasome
inhibitor, bortezomib effectively suppresses the degradation
of misfolded proteins by ERAD through the ubiquitin-
proteasome degradation system, thus enhancing interaction
between GAA mutant protein and molecular chaperones.
The same group showed a response to Bortezomib in
GAA proteins from patient fibroblasts carrying several
other pathogenic variants (52). These findings suggest that
alongside its immunomodulatory function, bortezomib,
together with therapeutics that address protein folding and
stability, can potentially enhance enzyme activity in CRIM
positive IPD patients with certain pathogenic variants.

Antigen targeted approaches in preclinical studies
Non-depleting anti-CD3+ and anti-CD4+ monoclonal
antibodies

Ohashi et /. 2012 prophylactically administered non-
depleting anti-CD3 monoclonal antibodies, resulting in
significantly reduced IgG antibodies in wild-type and
Pompe mice, compared to high antibody formation in
control mice treated with hamster immunoglobulins and
ERT (3). Importantly, this effect was also seen in mice
that had already mounted antibodies to ERT (therapeutic
setting). Additionally, Sun e 2. 2014 demonstrated that in
Pompe mice with high levels of ERT specific IgG antibody
titers, treatment with 3 doses of non-depleting anti-CD4

© Annals of Translational Medicine. All rights reserved.
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monoclonal antibody yielded a significant decrease (94.3%)
in antibody levels (4). This reduction was greater than that
seen in GAA-KO mice treated with methotrexate (84.5%),
suggesting improved efficacy compared to a clinically
available immunomodulatory agent.

BAFF inhibition

Doerfler et al. showed that prophylactic administration of
anti-B cell activating factor (BAFF) antibody delayed and
reduced anti-rhGAA antibody formation, and enhanced GAA
activity in Pompe mice (2). Additionally, a high proportion
of splenic B-cells were blocked at the transitional stage of
development, suggesting intervention at a crucial checkpoint
to immune competence. While maintenance anti-BAFF
treatment was required for prolonged beneficial effects,
plasmablasts were prevented from maturing and migrating to
the bone marrow, thereby avoiding the formation of longer-
lasting, plasma cell driven immunity.

Synthetic vaccine particles carrying rapamycin (SVP-
Rapa)

In a recent pilot study, Lim ez a/. showed that IV injection
of synthetic vaccine particles carrying rapamycin (SVP-
Rapa) during the first 3 weeks of ERT in GAA-KO mice
resulted in the inhibition of antibody formation (48).
Compared to methotrexate treatment, SVP-Rapa was more
durable and resulted in improved glycogen clearance and
motor function. However, antibody formation did occur
in a subset of animals at 12 weeks on ERT (compared to
antibody formation at 6 weeks on ERT methotrexate-
treated mice). In this model, SVP delivers rapamycin to
antigen-presenting cells, limiting systemic exposure and
enhancing its uptake. Results of this study suggest that
SVP-Rapa may have a more durable immunosuppressive
effective than methotrexate, although additional preclinical
studies are needed to further confirm and characterize these
results.

Targeting antigen-presenting pathways to induce
antigen-specific tolerance

Antigen-specific approaches aim to convert immunogenic
antigen presenting cells to tolerogenic antigen presenting
cells, reducing immune reaction while fully preserving
immune response to irrelevant antigens.

Ohashi and colleagues administered thGAA orally in
several doses to Pompe mice prior to thGAA injection (39).
This resulted in a significant reduction in IgG antibodies,
suggesting that oral tolerance induction may be able to
suppress the cellular and humoral immune response to
rhGAA when administered prophylactically. A related
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approach was taken up by Su and colleagues: oral
administration of N-terminal 410-amino acids of GAA,
fused with transmucosal carrier CTB and expressed in
transplastomic lines of plant chloroplast, substantially
suppressed GAA-specific IgG1 antibody formation in
Pompe mice (40). The level of antibody formation in GAA-
CTB + ERT treated mice was three-fold lower than a
control group treated with ERT only. It is hypothesized
that oral delivery of antigen-encapsulated plant cells
can safely display GAA as an auto-antigen prior to ERT
initiation, thereby inducing antigen-specific tolerance.
Importantly, the researchers emphasize that the truncated
GAA incorporated into plant chloroplasts should include
relevant CD4+ T-cell epitopes shown to play a role in
B-cell activation and the formation of antibodies to ERT in
Pompe (49).

Cremel and colleagues investigated the use of GAA-
encapsulated red blood cells (RBCs) when injected in
Pompe mice (41). Aged RBCs are physiologically removed
from the spleen and liver by antigen-presenting cells and
are presented in a tolerogenic manner as self-antigens to T
cells. Administration of these antigen encapsulated RBCs
in three doses, followed by ERT, reduced anti-GAA IgG
titers up to 92.7% (53). Upon subsequent challenge by
cholera toxin (CT), no reduction in anti-CT antibodies was
observed, indicating that the GAA-encapsulated RBCs were
able to specifically target rhGAA.

In a different approach, Schneider and Balu-Iyer aimed
to utilize phosphatidylserine (PS) associated with rhGAA
to induce rhGAA-specific tolerance in Pompe mice (42).
First, free thGAA protein was shown to associate with PS
liposomes (PS-rhGAA) upon incubation by intercalating
within its phospholipid bilayer. Then, mice were treated
with PS-rhGAA and subsequently re-challenged with
free rhGAA protein to determine any change in antibody
response. Compared to control groups treated with
phosphatidylglycerol (PG)-rhGAA and free rhGAA only,
PS-rhGAA mice produced fewer antibody titers to ERT.
Importantly, in four of eight PS-rhGAA treated mice, titer
levels remained unchanged upon re-challenge, suggesting
that tolerance was successfully induced in these animals.

Taken together, results from these innovative antigen-
specific methods should be further investigated in the pre-
clinical setting in order to (I) verify whether the tolerance
induced and/or immunosuppressive effect produced is truly
specific to the rhGAA protein, (II) compare their safety and
efficacy to currently, clinically used immunomodulatory
agents, and (III) evaluate their potential clinical application.

© Annals of Translational Medicine. All rights reserved.
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Gene therapy to induce immune tolerance to ERT
AAV vector-mediated gene therapy is a promising new
treatment strategy on the horizon for patients with Pompe
disease. Beyond its importance as a novel treatment for
the primary manifestations of the disease, experiments in
GAA KO mice have demonstrated liver-targeted AAV2/8
vector-mediated gene therapy as a viable strategy for
inducing immune tolerance to thGAA (43-46). This
method expresses GAA exclusively in the liver and activates
regulatory T cells (Tregs), which have been shown to be
critical for tolerance induction to rhGAA in preclinical
experiments. Immune tolerance to ERT has also been
demonstrated in experiments using self-inactivated-
lentiviral vector-mediated hematopoietic stem cell gene
transfer by bone marrow transplantation, although glycogen
clearance was only partially reduced (47). The therapeutic
aim of this method is to systemically increase GAA enzyme
activity by its secretion from HSCs and distribution through
the bloodstream.

Critical issues and future directions in basic and
clinical research

Various immunomodulation strategies, both prophylactic
and therapeutic, have been employed to induce
tolerance to ERT in patients with Pompe disease. Such
immunomodulatory approaches have not only prevented or
reduced the deleterious effects of IgG antidrug antibodies
but have also alleviated events such as hypersensitivity
reactions associated with ongoing therapy. Prophylactic
administration has been associated with a favorable safety
profile due to the short course of immunomodulation. In
particular, the regimen described by Kazi er 4/. has shown
the most success in achieving long-term immune tolerance,
without long-term toxicity pertaining to the period of
immune suppression or any delay in ERT initiation (6).
Patients so treated have exhibited immune tolerance as
evidenced by absent/minimal IgG antibody response
with complete B cell recovery, ability to mount a humoral
response to other antigens such as vaccines, and without
the need of ongoing immune therapy. Evidence shows that
immune tolerance can also be achieved in the entrenched
setting, yet this requires a longer duration and higher
intensity of immunosuppressive therapy. It is clear that the
prophylactic approach is preferable as it allows the patient
with Pompe disease to safely receive ERT and leads to much
better clinical outcomes. Further studies are warranted to
assess the long-term safety of these approaches, especially in
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regimens recommending the long-term use of rituximab in
patients with Pompe disease (30).

Based on lessons learned from published literature in
the field, the general success of current immunomodulation
approaches is limited by a number of factors yet to be
resolved. Critically, there remains a need for (I) novel
approaches to immune tolerance induction, especially
those that are antigen-specific and/or more highly antigen
targeted, (II) a better understanding of the specific
mechanisms and dynamics of the immune response to ERT,
(III) more personalized treatment approaches including
immunogenicity prediction prior to ERT initiation,
especially in CRIM-positive IPD and LOPD patients, (IV)
standardized biomarkers and clinical endpoints to quantify
and compare response to therapy in patients across the
Pompe disease spectrum, especially in LOPD, and (V) next-
generation therapeutics with improved muscle targeting,
with considerations for immunogenicity in mind. Many of
these challenges continue to be addressed in recent ongoing
research.

The efficacy of currently available immunomodulation
strategies is also limited by our incomplete understanding
of how immune response to thGAA is specifically generated
in patients with Pompe disease. Better characterization of
activation pathways and cell types that are involved in the
immune response is needed, as well as the progression of
such responses to generation of neutralizing antibodies
that inhibit the uptake and/or catalytic activity of ERT.
However, patients with high and sustained IgG antibody
titers can have suboptimal response to ERT even in
the absence of neutralizing antibodies (21,54) based on
uptake into FcR expressing cells rather than uptake by
muscle cells . Further studies in these areas, as well as the
characterization of other targets such as T cell epitopes and
regulatory B cells, will help refine and improve the efficacy
and safety of future approaches.

CRIM-positive IPD patients exhibit widely varied
immune responses to ERT, and there is currently no method
to accurately predict such responses prior to ERT initiation.
It has been recently hypothesized that the development
of ADAs is driven by certain sequences in the infused
rhGAA protein that are recognized by the immune system
as foreign, and may be based on the HLA haplotype of the
patient. A prediction tool, “individualized T cell epitope
measure (ITEM)”, has been developed, which compares the
patient’s native GAA protein, described by HLA haplotype
and GAA pathogenic variants, to the specific T cell epitope
content of the ThGAA sequence (55). The availability of
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prediction tools like iTEM may allow clinicians to identify
CRIM-positive IPD and LOPD patients at high risk for
HSAT/SIT development and initiate immunomodulation
accordingly, while immunomodulation may be avoided in
low-risk patients.

With the inclusion of Pompe disease in newborn
screening (NBS), patients with LOPD are being identified
and monitored, leading to the emergence of a new
phenotypic spectrum. Drastically varying presenting
features and clinical outcomes in patients with IPD and
LOPD can make the clinical impact of antidrug antibodies
difficult to quantify and compare across multiple patient
cohorts. Additionally, currently published studies in
immunomodulation utilize clinical endpoints that differ
from one another, resulting in difficulty comparing the
efficacy of various immunomodulation strategies. For these
reasons, standardized clinical endpoints are needed to assess
the deleterious effect of ADAs across the disease spectrum.

While patients with Pompe disease are living longer
and can expect much better prognoses compared to just a
decade ago, there are still many aspects of the disease yet to
be explored. For example, in long-term survivors of IPD, it
has become apparent that white matter lesions in the CNS
develop over time. This was previously unseen due to early
fatality during the pre-ERT era. Thus, penetration of the
CNS by ERT therapeutics will likely become a prominent
challenge for optimization of treatment. With the addition
of Pompe disease in NBS, as well as the development
of gene therapy and second-generation therapeutic
proteins on the horizon, lessons learned from the various
immunomodulation approaches to date will help further
improve therapeutic efficacy and general treatment outcome
in individuals living with Pompe disease.
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