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Abstract

Background: Patients with multiple sclerosis [PwMS] have an increased risk of infections.
Objectives: To characterize incidence, clinical characteristics, outcomes and risk factors of
infections, and serious infections (Sls) in ocrelizumab (OCR)-treated PwWMS.

Design: Post-hoc analysis of pooled data from 6155 patients in 13 clinical trials.

Methods: Descriptive analyses of clinical characteristics and outcomes were reported over
<14years. A Poisson Generalized Estimating Equation model was constructed to examine risk
factors in a subgroup of patients with longer exposure to OCR (n=2092).

Results: Over a median (max) treatment period of 3.7 (13.9) years, 420/6155 patients (6.8%)
experienced 583 Sls, excluding coronavirus disease 2019. Incidence rates in relapsing multiple
sclerosis (RMS; 1.50 per 100 patient years [95% confidence interval (Cl): 1.34-1.68]) and
progressive multiple sclerosis (PMS; 3.70 [95% Cl: 3.27-4.17]) remained stable over this period.
Lower respiratory tract, urinary tract, abdominal and gastrointestinal, and skin infections
were the most commonly reported Sls. Most Sls (~90%) resolved, and treatment with OCR

was continued in >80% of cases. The presence of 1 or =2 comorbidities (rate ratio=1.66, 2.73,
respectively), recent relapse activity (2.06), and Expanded Disability Status Scale (EDSS) score
=6.0 (2.02) were significant risk factors for Sls in patients with RMS treated over a median
(max) period of 8.3 (11.2)years. In patients with primary PMS treated over a median (max)
period of 7.1 (11.8)years, an EDSS score =6.0 was associated with the greatest risk of Sls, a
4-fold increase (rate ratio, 4.31), followed by abnormal immunoglobulin (Ig]M levels (1.89), the
presence of =2 comorbidities (1.80), and having overweight/obesity (1.46). Time on OCR and
abnormal IgG levels were not significantly associated with an increased Sl risk.

Conclusion: Continuous long-term treatment with OCR is associated with a manageable
infection risk profile. Optimal disease control and addressing modifiable risk factors may
reduce the risk of infections.
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Plain language summary

Is continued treatment with ocrelizumab associated with a higher risk of infections and
serious infections in patients with multiple sclerosis?

Patients with multiple sclerosis (PwMS]) are at an increased risk of infections compared
with the general population. Infections are also among the most frequently reported
side effect in PwWMS treated with ocrelizumab. Initial analyses have shown that serious
infection (Sl) rates in PwMS treated with ocrelizumab were stable over 6 years, but there
is concern that this rate may increase with continued treatment. This study aimed to
describe infections and Sls in PwWMS treated with ocrelizumab and look into factors that
increase patients’ susceptibility to infections.

We analyzed the largest population of PwMS ever treated with ocrelizumab, including
6155 patients from 13 clinical trials. Some of these patients received ocrelizumab for as
long as 14 years. Approximately 7 out of every 100 patients experienced Sls, excluding
COVID-19 infections, with no increase in yearly rates of Sls over time. Pneumonia and
urinary tract infections were the most common Sis. Almost all patients recovered from
their infections (>9 out of 10 cases), and continued treatment with ocrelizumab (>8 out
of 10 cases).

When looking at factors that made PwMS more prone to Sls, we found that patients with
relapsing MS had an increased risk if they had experienced recent MS relapses, severe
walking difficulties, or other health conditions like diabetes and bladder problems.
Patients with primary progressive MS (PPMS] with severe walking difficulties were
four times more likely to have Sls. Having other health conditions like heart or bladder
problems, low levels of immunoglobulin M, or excess weight also increased the risk of Sls
in patients with PPMS.

In conclusion, continued treatment with ocrelizumab did not increase the risk of Sls, and
most of those infections resolved without stopping ocrelizumab treatment. Addressing
certain health conditions and achieving a good control of the MS disease may help to
reduce the risk of Sls.
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Introduction

Real-world studies have shown that patients with
multiple sclerosis (PwMS) have an increased risk
of infections and infection-related hospitaliza-
tions compared with non-multiple sclerosis (MS)
controls.!=® Infections are one of the most com-
monly reported comorbidities in PwMS, even in
the prodromal phase of MS,%7 and are a frequent
cause of mortality, driven mostly by respiratory
and urinary tract infections (UT1Is).%° In patients
treated with ocrelizumab (OCR), infections are

among the most frequently reported adverse
events (AEs), while serious infections (SIs) are
infrequent and their incidence has generally been
stable over time.!? Importantly, characteristics of
all infections in clinical trials appear consistent
with infection-related hospitalizations reported in
real-world cohorts.!=6:10 Still, there is a putative
concern that continuous, long-term treatment
with OCR and other anti-CD20s, including
rituximab, ofatumumab, and ublituximab may
increase the risk of infections,!!-14 partly related
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to the apparent association between SI rates and
decreased levels of immunoglobulin (Ig)G, even
though this association is reported in <1% of
OCR-treated PwMS.10

Understanding the factors that drive the risk of SIs
is fundamental for the effective management of
OCR-treated patients, especially since most are
expected to receive treatment over many years.
Long-term extensions of interventional clinical tri-
als provide high-quality datasets and offer a unique
opportunity to investigate potential risk factors.
Here, we aim to describe the frequency, clinical
characteristics, and outcomes of infections and
SIs in PwMS continuously treated with OCR
across 13 clinical trials, and to characterize the
risk factors associated with infections and SIs.

Methods

Studies and data collection period

All PwMS who received at least one dose of OCR
during the controlled treatment period in one
phase II clinical trial, three phase III pivotal clini-
cal trials (OPERA I, OPERA II, and ORATO-
RIO), and respective open-label extension (OLE)
periods (OLERO) phase IIIb study, seven phase
III, and one phase IV clinical trials were included
in this analysis. A summary of study design, study
populations, and total exposure can be found in
Supplemental Table 1. Briefly, PwMS received
OCR 600mg by intravenous infusion every
24 weeks (6 months). Data collection spanned a
period of about 14 years, from 2008 until the clin-
ical cut-off date of November 25, 2022; although
patient numbers beyond Year 11 of treatment
were limited.

Definitions of outcomes

Infections and SIs were defined using AEs coded
as per Medical Dictionary for Regulatory Activities
(MedDRA, versions 18.0 to 23.1) System Organ
Class “Infections and Infestations.”!> Standard
criteria for determining seriousness and severity
were used (Supplemental Table 2).16:17 Unless
stated, data are reported excluding confirmed or
suspected (symptomatic) coronavirus disease
2019 (COVID-19) cases to allow for a long-term
analysis not confounded by the COVID-19 pan-
demic. Suspected COVID-19 cases were identi-
fied through reported terms.!>

Risk factors

Analyses of risk factors for all infections and SlIs
were performed in phase III populations (OPERA
and ORATORIO; n=2092 patients) as these
included patients with the longest OCR exposure.
Analyses included data up to the end of these two
studies (December 2022). Demographic risk fac-
tors considered were age, sex, body mass index
(BMI), and geographic location. Comorbidities
of relevance for infections were selected accord-
ing to an adapted version of the Charlson—Deyo
Comorbidity Index!® and the Elixhauser
Comorbidity Index!® (Supplemental Table 3).
Disease characteristics included in the model
were disease duration, Expanded Disability
Status Scale (EDSS) score, prior disease-modify-
ing therapy (DMT), and occurrence of relapses
(for relapsing MS [RMS]). Absolute lymphocyte
count, neutrophil count, IgM, IgG, and B-cell
levels (measured at least every 24 weeks) were
also included as potential risk factors. Since the
analysis also included patients who switched from
comparators (interferon B-la [OPERA] or pla-
cebo [ORATORIO]) to OCR, the original rand-
omization arm and time on OCR were included.

Statistical analysis

Cohort characteristics were summarized using
mean, median, and ranges for continuous varia-
bles, and frequencies (%) for categorical variables.
Exposure time included both time on OCR treat-
ment and subsequent off-treatment safety follow-
up. To account for the different exposure lengths,
the rate of infections and SIs per 100 patient years
(PY) are presented, with 95% confidence intervals
(CIs) based on a Poisson distribution.

Mean IgG and IgM levels over a period of up to
10years were analyzed as trajectories according to
baseline quartile values. To predict IgG and IgM
trajectories beyond 10years, the observed data
were fitted by an exponential or a linear decay
model. The model that best explained the trajec-
tories was selected using the Akaike Information
Criterion and the residual sums of squares.

In order to examine risk factors for all infections
and SIs, a Poisson Generalized Estimating
Equation multivariate model with repeated meas-
urements was constructed (Figure 1). Separate
models were built for RMS and primary progres-
sive MS (PPMS). The selection of variables
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Figure 1. Construction and interpretation of covariates in the Poisson Generalized Estimating Equation regression model.

A Poisson Generalized Estimating Equation regression model with repeated measurements over multiple infusion and noninfusion 180-day cycles
was used (noninfusion cycles correspond to periods in the safety follow-up, which are counted from the last infusion until the last known follow-up).
In this example, a Sl (white cross) is reported during infusion cycle 6. Covariates considered at baseline are sex, BMI, region of origin, previous DMT,
relapses in year prior to OCR start (for patients switching from interferon or placebo, the year before OCR start corresponds to the last year of the
controlled treatment period), disease duration, and study arm. Time-dependent covariates include (1] age at the beginning of each infusion cycle, (2)
clinical relapses during the previous infusion cycle, (3) EDSS nearest to the end of the infusion cycle (EDSS values at unscheduled visits and within
up to 30days after the onset of a protocol-defined relapse to confirm progression are excluded), (4) cumulative comorbidities from baseline to the
end of the infusion cycle (with the exception of previous infections, which are considered only before OCR start), and (5) laboratory assessments:
IgG, IgM, and lymphocytes. As there are multiple measurements over an infusion cycle, a weighted value was used, calculated as follows: X.[lab
value_i X weight_i]/180days. This allows for a representative value to be obtained for an infusion cycle, where weight_i is the duration between
assessments within the infusion cycle (using the start or end of the infusion cycle as the boundary for the assessment period).

BMI, body mass index; DMT, disease-modifying therapy; EDSS, Expanded Disability Status Scale; Ig, immunoglobulin; OCR, ocrelizumab; Sl, serious

infection.

including their time dependency (baseline or
time-varying) was done using univariate analyses.
Their respective formats (continuous vs categori-
cal) were assessed using frequency tables and rates
of infections and SIs (Supplemental Tables 4 and
5). Through this step, neutrophil and B-cell levels
were excluded as covariates due to low numbers of
associated SIs to avoid the consequent risk of
sparse data bias.?® Finally, covariates with a sig-
nificance level p<0.2 in the univariate models
were included in the multivariate models.

Results

Population

As of November 2022, 6155 patients (RMS=4558;
PMS =1597) had received OCR in 13 clinical trials
(Supplemental Table 1), with 3677 patients
(59.7%) and 1407 patients (22.9%) receiving OCR
for more than 4 and 8years, respectively. Patient
disposition and reasons for discontinuation can be
found in Supplemental Figure 1. Demographic and

clinical characteristics at baseline and last known
follow-up for all patients and the subset of patients
(phase III trials, #=2092 patients) included in the
risk factor analysis are shown in Table 1.

All infections

Rates of all infections. Over a period of up to
14 years, cumulative rates of infections of 66.22 per
100 PY (95% CI: 65.13-67.33) and 61.60 per 100
PY (95% CI: 59.80-63.45) were reported in
patients with RMS and PMS, respectively. The
yearly incidence rate of infections remained overall
stable during this period (Supplemental Table 6).

Types of all infections. The three most common
types of infections were nasopharyngitis (RMS:
11.23 per 100 PY [95% CI: 10.79-11.70]; PMS:
8.22 [95% CI: 7.57-8.91]), UTIs (RMS: 9.59
[95% CI: 9.18-10.02]; PMS: 18.38 [95% CI:
17.41-19.41]), and upper respiratory tract infec-
tions (RMS: 8.97 [95% CI: 8.57-9.38]; PMS:
3.96 [95% CI: 3.52-4.45]).
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Table 1. Demographic and clinical characteristics at baseline and/or last known follow-up.2

Characteristic, n (%) except where All trials (N=6155) Phase lll trials (N=2092)
specified
RMS (n=4558) PMS (n=1597)° OPERA (N=1448) ORATORIO (N=644)

Patient years 21,079.9 7189.5 10,808.6 4713.1
Median time on treatment, years 3.7 (0.0-13.9) 3.7 (0.0-11.6) 8.3(0.0-11.2) 7.1(0.1-11.8)
(range)c

<byears 3207 (70.4) 1119 (70.1) 306 (21.1) 168 (26.1)

5-10 years 1019 (22.4) 278 (17.4) 894 (61.7) 276 (42.9)

>10years 332(7.3) 200 (12.5) 248 (17.1) 200 (31.1)
Mean age at baseline, years (SD) 35.9 (9.4) 47.9 (9.0) 38.1(9.3) 45.8(8.1)
Mean age at last known follow-up, 40.5(10.1) 52.5(8.9) 47.6(9.2) 55.6 (7.8)
years (SD)

<40 years 2213 (48.6) 144 (9.0) 326 (22.5) 26 (4.0)

40-59 years 2189 (48.0) 1065 (66.7) 945 (65.3) 366 (56.8)

=60 years 156 (3.4) 388 (24.3) 177 (12.2) 252 (39.1)
Sex

Female 3018 (66.2) 839 (52.5) 949 (65.5]) 320 (49.7)

Male 1540 (33.8) 758 (47.5) 499 (34.5) 324 (50.3)
Mean BMI at baseline, kg/m2 (SD) 26.5(6.3) 25.3(5.2) 26.2 (6.1) 25.0 (4.9)

Underweight <18.5 169 (3.7) 65 (4.1) 56 (3.9) 27 (4.2)

Normal weight 18.5-25.0 2068 (45.4) 818 (51.2) 677 (46.8) 345 (53.6)

Overweight 25.0-30.0 1202 (26.4) 443 (27.7) 389 (26.9) 174 (27.0)

Obese =300 1078 (23.7) 254 (15.9) 312 (21.5) 97 (15.1)

Unknown 41(0.9) 17 (1.1) 14 (1.0 1(0.2)
Subregion

ROWd 3120 (68.5) 1398 (87.5) 1089 (75.2) 558 (86.6)

USA 1438 (31.5) 199 (12.5) 359 (24.8) 86 (13.4)
Ethnicity

White 3891 (85.4) 1305 (81.7) 1316 (90.9) 606 (94.1)

Others 485 (10.6) 113 (7.1) 132 (9.1) 37 (5.7)

Unknown 182 (4.0) 179 (11.2) 0(0.0) 1(0.2)

[Continued)
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Table 1. (Continued)

Characteristic, n (%) except where All trials (N=6155)

specified

Phase Ill trials (N=2092)

RMS (n=4558)

PMS (n=1597)®

OPERA (N=1448)

ORATORIO (N=644)

Comorbidities at last known follow-up

Depression 773 (17.0)
Previous infectionse 686 (15.1)
Cardiovascular disorders 448 (9.8)
Renal and urinary tract disorders 476 (10.4)
Chronic pulmonary disorders 226 (5.0
Diabetes 96 (2.1)
Rheumatologic and autoimmune 114 (2.5)
disorders

Gastrointestinal disorders 83(1.8)
Cerebrovascular disorders 6(0.1)
Malignancies 5(0.1)

Number of Comorbidities at last known follow-up

0 2588 (56.8)
1 1305 (28.6)
=2 665 (14.6)

Median EDSS at OCR' start, (IQR)9 2.0 (1.5-3.0)
<3.0 2964 (66.5)
3.0-6.0 1433 (32.2)
=6.0 59 (1.3)
Unknown -

Disease duration since symptom onset, years

<5 years 2946 (64.9)

5-10 years 1042 (23.0)

>10 years 550 (12.1)
Relapses in year before study starth

Any relapses 3807 (83.5)

Mean number of relapses, (SD) 1.18(0.82)

336 (21.0)
256 (16.0)
349 (21.9)
293 (18.3)
75 (4.7)
78 (4.9)
57 (3.6)

46 (2.9)
7 (0.4)
3(0.2)

702 (44.0)
489 (30.6)
406 (25.4)
5.0 (4.0-6.0)
79 (4.9)

890 (55.7)
628 (39.3)

450 (28.7)

520 (33.1)
600 (38.2)

85 (5.3)
0.07 (0.30)

432(29.8)
482 (33.3)
270 (18.6)
253 (17.5)
125 (8.6)
49 (3.4)
50 (3.5)

51(3.5)
4(0.3)
4(0.3)

491 (33.9)
458 (31.6)
499 (34.5)
2.5(1.8-3.5)
810 (55.9)

625 (43.2)
13(0.9)

0 (0.0}

658 (45.4)

405 (28.0)
385 (26.6)

1394 (96.3)
1.32(0.69)

191(29.7)
223 (34.6)
181(28.1)
172 (26.7)
45(7.0)
39 (6.1)
34 (5.3)

28 (4.3)
4(0.6)
3(0.5)

258 (40.1)
198 (30.7)
188 (29.2)

4.5 (3.5-6.0)

12(1.9)

529 (82.1)
102 (15.8)

1(0.2)

190 (29.5)

288 (44.7)
147 (22.8)

[Continued)]
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Table 1. (Continued)

Characteristic, n (%) except where
specified

All trials (N=6155)

Phase Ill trials (N=2092)

RMS (n=4558)

PMS (n=1597)°

OPERA (N=1448) ORATORIO (N=644)

Previous DMTs

0 2675 (58.7) 908 (56.9) 1065 (73.5) 571 (88.7)
1 1213 (26.6) 350 (21.9) 345 (23.8) 56 (8.7)
=2 670 (14.7) 339 (21.2) 38 (2.6) 17 (2.6)
Last DMT:
Interferons 645 (34.3) 175 (25.4) 252 (65.8) 48 (64.0)
Glatiramer acetate 467 (24.8) 95(13.8) 118 (30.8) 23 (30.7)
Dimethyl fumarate 357 (19.0) 82(11.9) 1(0.3) -
Fingolimod 228 (12.1) 82(11.9) 2(0.5) -
Natalizumab 13(0.7) 59 (8.6) 1(0.3) 1(1.3)
Biotin 28 (1.5) 39 (5.7) 4(1.0) 2(2.7)
Teriflunomide 125 (6.6) 60 (8.7) - -
Azathioprine 3(0.2) 21(3.0) 1(0.3) 1(1.3)
Cyclophosphamide 1(<0.1) 21 (3.0) - -
Otherl 16 (0.8) 55 (8.0} 4(1.0) =

Patients from phase Ill trials OPERA and ORATORIO are a subset of the entire RMS and PMS population represented in the first two columns. These
are the largest cohorts available with longer exposure to OCR. Not all data on BMI, EDSS at OCR start, and disease duration were available for

analysis.

aLast known follow-up was at time of study discontinuation/completion or as of November 25, 2022 for patients still ongoing.

bIncludes patients with primary progressive MS (n=1076) and secondary progressive MS (n=521).
<Time on OCR of “0” years relates to patients who discontinued after the first infusion.

dEurope, Middle East, Africa, Central and South America, Canada, Australia.

ePrevious infection recorded in the medical history before OCR start.

fLast valid assessment before OCR treatment in the CTP and in the open-label extension, for patients originally randomized to OCR and for

switchers, respectively.
9For the IQR, 25th and 75th quartiles are reported.

"Not applicable for patients from ORATORIO as this was an exclusion criterion.

iLast DMT refers to that at study start.

i0ther: Cladribine, diroximel fumarate, mitoxantrone, methotrexate, laquinimod, daclizumab, masitinib, siponimod, minocycline, OCR, and

rituximab.

BMI, body mass index; CTP, controlled treatment period; DMT, disease-modifying therapy; EDSS, Expanded Disability Status Scale; IQR,
interquartile range; MS, multiple sclerosis; OCR, ocrelizumab; PMS, progressive multiple sclerosis; RMS, relapsing multiple sclerosis; ROW, rest of

the world; SD, standard deviation.

Outcomes and action taken with OCR. The major-
ity of infections were reported as resolved (RMS:
97.2%; PMS: 96.1%), and treatment was dis-
continued in 1.1% of patients with infections,
representing 0.3% (n=47/6155) of all patients
(Figure 2).

Serious infections

Rates of Sls. Over a period of up to l4years,
420/6155 patients (6.8%) experienced 583 SIs
(RMS, 252/4558 [5.5%]; PMS, 168/1597
[10.5%]); additionally, 262 patients experienced
275 COVID-19 infections. A total of 98 (1.6%)
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Figure 2. Outcomes and action taken with OCR following all infections and Sls, excluding COVID-19. (a)
Length of hospitalization for Sls requiring admission to hospital (n=545/583) in patients with RMS and PMS.
(b) Outcomes of infections in patients with RMS and PMS; for Sls, fatal cases include pneumonia (n=2), sepsis
(n=2), encephalitis [(n=1), enterococcal infection (n=1), pneumonia aspiration (n=1), and urosepsis (n=1). (c)
Action taken with OCR following infections in patients with RMS and PMS. CCOD, November 2022.

CCOD, clinical cut-off date; COVID-19, coronavirus disease 2019; N/A, not applicable; OCR, ocrelizumab; PMS, progressive
multiple sclerosis; RMS, relapsing multiple sclerosis; Sl, serious infection.

patients experienced >1 SI, of which the majority
(66/98) experienced two SIs. UTIs, abdominal
infections (mostly gastroenteritis), and skin infec-
tions (cellulitis) were the most common repeated

SIs. In both RMS and PMS populations, incidence
rates fluctuated over time but remained generally
stable over the follow-up period (Figure 3). The
cumulative rate of SIs was higher in patients with
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Sl rate [ 1 1.23 1.52 1.08 1.27 1.86 2.59 2.50 1.76 3.78 2.26
(per 100 PY) 2.36 2.79 3.63 3.95 4.63 4.16 6.91 6.30 3.90 4.40 4.48
Number 50 51 48 28 21 23 30 27 13 20 4
of Sls 36 36 42 35 24 19 28 19 1! 11 5
Number 4558 4360 3435 2979 1881 1351 1198 1131 910 611 332
of patients 1597 1387 1199 1109 583 478 433 322 295 268 200

Figure 3. Yearly rates of Sls in RMS and PMS populations, excluding COVID-19.

Pooled yearly Sl rates from the 13 OCR clinical trials are presented. Patients with longer exposure (=6years) are from the
extension periods of phase Il and phase Il studies, including those originally randomized to the comparators interferon
B-1a (OPERA] or placebo (ORATORIO] who switched to open-label OCR treatment. Patients with exposure >11years (up to
14years) are not represented in the graph; two Sls were reported in this group of patients beyond 11years of treatment.

CCOD, November 2022.

CCOD, clinical cut-off date; Cl, confidence interval; COVID-19, coronavirus disease 2019; OCR, ocrelizumab; PMS,
progressive multiple sclerosis; PY, patient years; RMS, relapsing multiple sclerosis; S, serious infection.

PMS (3.70 per 100 PY [95% CI: 3.27—4.17]) than
RMS (1.50 per 100 PY [95% CI: 1.34-1.68]; Sup-
plemental Table 7). A slight increase observed at
Year 7 in patients with PMS, compared with Year
6, was driven by a greater number of cases of non-
COVID-19 pneumonia. A similar pattern was
observed at Year 10 (vs Year 9) for patients with
RMS, who experienced additional cases of non-
COVID-19 respiratory infections. These two peri-
ods largely overlap with most patients being within
COVID-19 waves (data not shown). Yearly rates of
SIs in both populations including COVID-19
events can be found in Supplemental Figure 2.

Types of Sls

Most common Sls. As of November 2022,
lower respiratory tract infections (LRTIs; =137,
16.0%, mostly pneumonia), UTIs (=132,
15.4%), abdominal and gastrointestinal infections
(n=178, 9.1%; e.g., appendicitis and gastroen-

teritis), skin infections (=64, 7.5%), and sepsis
(n=54, 6.3%) were the most commonly reported
SIs (Supplemental Table 7). An additional 275
COVID-19-related infections (32.1%) were also
reported. Patient demographics, comorbidities,
and disease characteristics associated with these
most common SIs can be found in Table 2.

Hepatitis. No cases of hepatitis B (HBV) de
novo infection were observed, and no HBV reacti-
vation (clinical or laboratory) was reported among
175/6155 (2.8%) of patients with a positive HBV
core antibody (HBcAD) titer at baseline (patients
at risk of reactivation). A total of 12/175 patients
were receiving prophylactic antiviral treatment
(entecavir, lamivudine, or tenofovir) at the time
of enrollment and continued on treatment over
the duration of the studies. One case of fulminant
echovirus 25-associated hepatitis was reported in
a patient with RMS in OPERA.2!
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Table 2. Characteristics of patients with the five most common types of Sls.
Type (number of patients) Number (%) of patients (except where specified)
All patients UTI (n=103) LRTI2(n=129) Abdominal Sepsis? Skin
(n=6155) infections (n=53) (n=47) infections¢
(n=43)
Number of Sls 858 132 137 78 54 64
Type of MS
RMS 4558 (74.1) 45 (43.7) 82 (63.6) 31(58.5) 17 (36.2) 20 (46.5)
PMS 1597 (25.9) 58 (56.3) 47 (36.4) 22 (41.5) 30 (63.8) 23 (53.5)
Age at the time of first event onset
Mean, years (SD) = 46.2(10.7) 46.8(9.9) 41.8(12.0) 48.6 (10.3) 47.5(9.8)
<40 years 2961 (52.9)d 30(29.1) 36 (27.9) 23 (43.4) 9(19.1) 12 (27.9)
40-59 years 2761 (44.9)d 67 (65.0) 84 (65.1) 28 (52.8) 34(72.3) 27 (62.8)
=60 years 137 (2.2)¢ 6(5.8) 9(7.0) 2(3.8) 4(8.5) 4(9.3)
Sex
Female 3857 (62.7) 60 (58.3) 71 (55.0) 30 (56.6) 23 (48.9) 16 (37.2)
Male 2298 (37.3) 43 (41.7) 58 (45.0) 23 (43.4) 24 (51.1) 27 (62.8)
EDSS score at baseline®
Median (1QR) 2.5 (1.5-4.0) 4.5(3.0-6.0) 3.5(2.0-5.0) 3.5 (2.0-4.0) 5.0 (3.5-6.5)  4.0(2.5-5.5)
<3.0 3043 (50.3) 17 (16.5) 44 (34.6) 18 (35.3) 9 (20.5) 11 (25.6)
3.0-6.0 2323 (38.4) 53 (51.5) 60 (47.2) 27 (52.9) 18 (40.9) 22 (51.2)
~6.0 687 (11.3) 33(32.0) 23 (18.1) 61(11.8) 17 (38.6) 10(23.3)
FSS at baseline®
FSS pyramidal =4 291 (4.8) 12 (11.7) 9(7.1) 1(2.0) 7 (15.9) 6(14.0)
FSS cerebellar =4 5(<0.1) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
FSS brainstem =3 159 (2.6) 2(1.9) 4 (3.1) 2(3.9) 31(6.8) 2 (4.7)
FSS sensory =4 59 (1.0) 0(0.0) 0(0.0) 2(3.9) 1(2.3) 1(2.3)
FSS bowel and bladder =3 233 (3.8) 16 (15.5) 15(11.8) 2(3.9) 5(11.4) 6(14.0)
FSS cerebral =4 93 (1.5) 5(4.9) 6 (4.7) 0(0.0) 41(9.3) 2 (4.7)
FSS visual =5 197 (3.3) 8(7.8) 121(9.4) 1(2.0) 3(6.8) 2 (4.7)
Ambulation score =6 601 (10.3) 32(32.7) 22 (18.3) 5(10.6) 17 (41.5) 10 (23.8)
BMI at baseline
Mean, kg/m? (SD) 26.2(6.0) 25.7 (6.4) 26.2(7.0) 26.4(5.5) 27.8(6.9) 27.6 (7.6)
Underweight <18.5 234 (3.8) 6(5.8) 5(3.9) 1(2.0) 3(6.4) 2 (4.7)
[Continued]
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Table 2. (Continued)

Type (number of patients) Number (%) of patients (except where specified)
All patients UTI (n=103) LRTI2(n=129) Abdominal Sepsis® Skin
(n=6155) infections (n=53) (n=47) infections¢
(n=43)
Normal weight 18.5-25.0 2893 (47.4) 52 (50.5) 64 (50.0) 22 (43.1) 12 (25.5) 15 (34.9)
Overweight >25.0 2970 (48.7) 45 (43.7) 59 (46.1) 28 (54.9) 32(68.1) 26 (60.5)
Relapses in year before baseline 3892 (63.3) 39 (37.9) 81(62.8) 29 (54.7) 13 (27.7) 19 (44.2)
Previous DMTs
0 3583 (58.2) 68 (66.0) 98 (76.0) 34 (64.2) 34 (72.3) 24 (55.8)
1 1563 (25.4) 24 (23.3) 26 (20.2) 14 (26.4) 12 (25.5) 13(30.2)
=2 1009 (16.4) 11(10.7) 5(3.9) 5(9.4) 1(2.1) 6 (14.0)
Comorbidities at baselinef
Previous infections 942 (15.3) 26 (25.2) 24 (18.6) 9(17.0) 9(19.1) 9 (20.9)
Depression 687 (11.2) 15 (14.6) 30(23.3) 9(17.0) 19 (40.4) 10 (23.3)
Cardiovascular 519 (8.4) 13 (12.6) 15 (11.6) 7(13.2) 12 (25.5) 6 (14.0)
Urinary tract 300 (4.9) 10 (9.7) 16 (12.4) 4(7.5) 8(17.0) 5(11.6)
Diabetes 120 (1.9) 3(2.9) 5(3.9) 2(3.8) 4(8.5) 6 (14.0)
Chronic pulmonary 180 (2.9) 0(0.0) 5(3.9) 2(3.8) 1(2.1) 3(7.0)
Rheumatologic and 66(1.1) 3(2.9) 1(0.8) 2(3.8) 0(0.0) 1(2.3)
autoimmune
Gastrointestinal 53(0.9) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 1(2.3)
Cerebrovascular 9 (0.1) 1(1.0) 2(1.6) 0(0.0) 0(0.0) 0(0.0)
Number of comorbidities at last known follow-up
0 3290 (53.5) 34(33.0) 34 (26.4) 19 (35.8) 6(12.8) 8(18.6)
1 1794 (29.1) 34(33.0) 42 (32.6) 18 (34.0) 11 (23.4) 12 (27.9)
=2 1071 (17.4) 35 (34.0) 53 (41.1) 16 (30.2) 30 (63.8) 23 (53.5)

Statistics are n (%) unless otherwise stated (shaded rows represent mean [SD]).

aCOVID-19 cases excluded.

bThe preferred term, "UROSEPSIS,” is included in the “Sepsis” column and excluded from the “UTI” column. Urosepsis was the most common type
of sepsis (n=18/54 events).

<Cellulitis (of the lower extremities) was the most common type of serious skin infection (data not shown).

d“Age at time of first event onset” is not available for “All patients,” as such, baseline age has been presented.

eEDSS/FSS baseline defined as the last valid assessment before treatment; unconverted functional scores are presented.

fThe total number of patients (not events) is used as the denominator for percentages. Note that one patient might have multiple comorbidities.
Investigator text for AEs encoded using MedDRA version 23.1. Multiple occurrences of the same AE in one patient will be counted multiple times.
Sls are defined using AEs falling into the MedDRA System Organ Class “Infections and Infestations” and using “Is the event non-serious or serious”
from the AEs case report form page.

AE, adverse event; BMI, body mass index; COVID-19, coronavirus disease 2019; DMT, disease-modifying therapy; EDSS, Expanded Disability Status
Scale; FSS, Functional Systems Scores; IQR, interquartile range; LRTI, lower respiratory tract infection; MedDRA, Medical Dictionary for Regulatory
Activities; MS, multiple sclerosis; PMS, progressive multiple sclerosis; RMS, relapsing multiple sclerosis; SD, standard deviation; SI, serious
infection; UTI, urinary tract infection.
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Herpes and opportunistic infections. Serious
herpes virus-associated infections were uncom-
mon (7=9,0.03 per 100 PY [95% CI: 0.02—0.06];
Supplemental Table 7 for more details). Seven
cases were hospitalized, but none were life-threat-
ening. All nine cases resolved (one with sequelae),
and OCR dose remained unchanged in six cases
(two were delayed and one discontinued).

No cases of progressive multifocal leukoencepha-
lopathy, fever of unknown origin, cryptococcosis,
aspergillosis, listeriosis, toxoplasmosis, cytomeg-
alovirus, and serious human papilloma virus were
reported in the clinical trial population.

Central nervous system infections. Serious
central nervous system (CNS) infections were
uncommon (z=13, 0.05per 100 PY [95% CI:
0.02-0.08]) and included five cases of encepha-
litis, seven cases of meningitis (three viral, two
bacterial, one unknown, and one aseptic), and
one case of neuroborreliosis. Most (z=9/13)
resolved with minor or no residual neurological
deficits; two were reported as “not recovered/
not resolved”; and one was fatal. Additional case
details can be found in Supplemental Table 8.
The incidence rate of serious CNS infections is
consistent with rates observed in two large real-
world MS cohorts (0.04-0.05 per 100 PY).6:22

Hospitalization, outcomes, and action taken with
OCR. Hospitalization was reported for 93.5% of
SIs (n=545/583) and was more frequent in
patients with PMS (98.5%) compared with those
with RMS (89.3%); among hospitalized patients
with either RMS or PMS, the length of hospital-
ization was =7 days in 56.7% of cases (Figure
2(a)). The majority of SIs were reported as recov-
ered/resolved (Figure 2(b)). Excluding COVID-
19 fatalities (#=48), there were eight
infection-related fatalities were reported (pneu-
monia, n=3; sepsis, n=2; encephalitis, n=1;
enterococcal infection, n=1; urosepsis, n=1).
Treatment was discontinued in 4.2% of patients
with SIs, representing 0.4% (n=24/6155) of all
patients (Figure 2(c)). Length of hospitalization,
outcomes, and action taken with OCR for SIs,
including COVID-19 events, can be found in
Supplemental Figure 3.

Risk factors for infections and Sls
The exploration of risk factors potentially associ-
ated with all infections, and more specifically with

SIs, was conducted in the subset of patients
enrolled into the pivotal phase III trials and associ-
ated long-term OLEs (#=2092), with a median
(max) time on the treatment of 8.3 (11.2) and 7.1
(11.8)years for patients with RMS and PPMS,
respectively. Mean (standard deviation) age at the
last known follow-up was 45.5 (9.8) years for RMS
and 53.2 (8.4)years for PPMS. For more details
on demographics and disease characteristics, see
Table 1 (columns OPERA and ORATORIO).

Immunoglobulins. After a period of 12years of
OCR treatment, IgG levels remained above the
lower limit of normal (LLN=5.65g/L) for the
majority of patients (RMS-OPERA: 84.5%;
PPMS-ORATORIO: 83.7%); most patients expe-
riencing periods of IgG <LLN (blue lines in Fig-
ures 4 and 5) were in the lowest baseline IgG
quartile. Among patients with RMS and PPMS
who experienced periods of IgG <LLN, IgG lev-
els returned to normal levels within three infusion
cycles in 43.3% (®=94/217) and 53.4%
(n=47/88) of patients, respectively. The temporal
evolution of IgG across the different quartiles fol-
lowed a pattern that could be better explained by
an exponential decay model, suggesting that after
an initially marked decrease, IgG levels may reach
a plateau in patients receiving long-term OCR
treatment (Supplemental Figure 4(A)-(C)). A
similar, albeit more accelerated exponential decay
in the first 2years was also observed for IgM
(Supplemental Figure 4(D)—(F)).

Cumulative rates of SIs were broadly similar
across the different IgG quartiles both for patients
with RMS and PPMS (Figures 4 and 5). Similar
rates of SIs were also observed across IgM quar-
tiles, except for patients with PPMS in the lowest
IgM baseline quartile (Figures 4 and 5). Yearly
rates of SIs during periods of IgG<LLN
remained stable, with fluctuations that were con-
sistent with rates of SIs observed in patients with
IgG levels at normal levels (Figure 6). Notably,
the rate of SIs observed over time in patients
experiencing periods of IgG<LLN were not
greater than those during IgG > LLN. Types and
characteristics of SIs during periods of low IgG
were similar to overall SIs, with UTIs and LRTIs
being the most commonly reported Sls
(Supplemental Table 9). It should be noted that
most of these patients showed high comorbidity
burden (RMS and PPMS) and, in the case of
patients with PPMS, also high disability levels
(EDSS =6.0).
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Q41250 6 2 a8 1.46 (1.03-201) Q4 (1.64) 355 3 a7 1.78(131-237)
(©) Gharacteristic OPERA (RMS) (0 Characteristic OPERA (RMS)
Qi(n=366)  Q2(n=372)  Q3(n=362) Q4 (n=346) Q1(n=366)  Q2(n=357)  Q3(n=368) Q4 (n=365)
Age, median (range), years 39.0 (19.0-57.0) 38.0 (18.0-58.0) 38.0 (18.0-57.0) 37.5(18.0-57.0) Age, median (range), years 39.5 (18.0-58.0) 38.0 (18.0-57.0) 38.0 (18.0-57.0) 38.0 (18.0-57.0)
Male, n (%) 148 (40.4) 141(37.9) 122 (33.7) 88 (25.4) Male, n (%) 191 (52.2) 117 (32.8) 121(32.9) 70(19.7)
BMI 225 kafm?, n (%) 200 (54.6) 179 (48.1) 168 (46.4) 154 (44.5) BMI 225 kafm2, n (%) 191 (52.2) 196 (54.6) 167 (45.4) 148 (41.7)
EDSS, mean (SD) 28(13) 27(1.4) 27(1.4) 27(1.4) EDSS, mean (SD) 28(14) 26(14) 27(1.4) 29(14)
Disease duration, mean (SD), Disease duration, mean (SD),
Joure 78(7.1) 7.1(58) 73(5.9) 7.4(67) goure 79(65) 74(6.2) 68(5.7) 75(6.2)
Previous DMT use, n (%) 93 (25.4) 102 (27.4) 85(23.5) 99 (28.6) Previous DMT use, n (%) 100 (27.3) 94 (26.3) 95 (25.8) 90 (25.4)
21 comorbidity, m (%) 206 (56.3) 189 (50.8) 180 (49.7) 207 (59.8) 21 comorbidity, n (%) 208 (56.8) 195 (54.6) 196 (53.3) 180 (50.7)

Figure 4. Periods of IgG and IgM below LLN across baseline quartiles and association with Sls in OPERA (excluding COVID-19).
Results for (a-c) 1gG and (d-f) IgM quartiles. (a, d) Each horizontal yellow line represents OCR exposure of individual patients who
were initially randomized to OCR. Each gray line represents OCR exposure of individual patients who were initially randomized to IFN
and then switched to OCR. Blue horizontal lines represent the periods where Ig levels dropped below LLN (IgG LLN=5.65g/L; IgM
LLN=0.4g/L]). Each red cross represents an SI. Number of patients with Sls and cumulative rates of Sls per (b) baseline IgG quartiles
and (e) IgM quartiles. Baseline demographics and disease characteristics of patients by (c) baseline IgG quartiles and (f) baseline
IgM quartiles. CCOD, November 2022.

BMI, body mass index; CCOD, clinical cut-off date; Cl, confidence interval; DMT, disease-modifying therapy; EDSS, Expanded Disability Status Scale;
IFN, interferon; Ig, immunoglobulin; LLN, lower limit of normal; OCR, ocrelizumab; PY, patient years; Q, quartile; RMS, relapsing multiple sclerosis;

SD, standard deviation; Sl, serious infection.

Over this period of up to 12years, a total of 9 of
2092 patients discontinued treatment while their
IgG levels were <LLN, of which three discon-
tinuations were associated with SlIs, three were
associated with non-SIs, and three were not asso-
ciated with an infection. Excluding COVID-19
(n=6), a total of 22 patients discontinued treat-
ment while their IgM levels were <ILLLLN; 12 asso-
ciated with SIs, 7 with non-SIs, and 3 not
associated with any infections. A total of eight
patients who discontinued treatment had both
IgG and IgM below LLN.

Intravenous immunoglobulin (IVIg) replacement
therapy was reported in n=12/2092 patients, in
the context of infections (#=4) or hypogamma-
globulinemia (n=8). IVIg was also reported as a
treatment for COVID-19 in nine patients.

Univariate and multivariate analysis

Patients with RMS (OPERA]. In the univariate analy-
sis, several covariates were associated with a higher
risk of SIs in patients with RMS (Supplemental
Figure 5), namely, the presence of comorbidities
(=2 comorbidities, rate ratio, 3.12 [95% CI: 1.97—
4.92]; one comorbidity, 1.87 [95% CI: 1.22-2.88]),
a high disability status (EDSS =6.0, 2.94 [95% CI.:
1.82-4.74]; EDSS 3.5-5.5, 1.64 [95% CI: 1.10—
2.44)), IgG<LLN (2.53 [95% CI: 1.62-3.97]),
and recent clinical activity (2.51 [95% CI: 1.47—
4.30]). Regarding comorbidities, the highest risk
was observed in patients with cerebrovascular dis-
orders (5.03 [95% CI: 1.27-19.86]), diabetes (2.86
[95% CI: 1.30-6.28]), renal and urinary comor-
bidities (2.58 [95% CI: 1.60—4.14]), followed by
rheumatological and autoimmune disorders (2.30
[95% CI: 1.13-4.71]), and previous infections
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Figure 5. Periods of IgG and IgM below LLN across baseline quartiles and association with Sls in ORATORIO (excluding COVID-19).
Results for (a-c) IgG and (d-f) IgM quartiles. (a, d) Each horizontal yellow line represents OCR exposure of individual patients who
were initially randomized to OCR. Each gray line represents OCR exposure of individual patients who were initially randomized

to placebo and then switched to OCR. Blue horizontal lines represent the periods where Ig levels dropped below LLN (IgG
LLN=5.65¢/L; IgM LLN=0.4g/L). Each red cross represents an SI. Number of patients with Sls and cumulative rates of Sls per

(b) baseline IgG quartiles and (e] IgM quartiles. Baseline demographics and disease characteristics of patients by (c) baseline IgG

quartiles and (f) basel

ine IgM quartiles. CCOD, November 2022.

BMI, body mass index; CCOD, clinical cut-off date; Cl, confidence interval; DMT, disease-modifying therapy; EDSS, Expanded Disability Status Scale;
Ig, immunoglobulin; LLN, lower limit of normal; OCR, ocrelizumab; PPMS, primary progressive multiple sclerosis; PY, patient years; Q, quartile; SD,
standard deviation; Sl, serious infection.

(1.75 [95% CI: 1.19-2.57]). A smaller risk was
observed for older age at the start of OCR treat-
ment (>55years, 1.87 [95% CI: 1.10-3.20]; 40—
55years, 1.49 [95% CI: 1.02-2.18]), a longer
disease duration (>10years, 1.73 [95% CI: 1.14—
2.60]), IgM<LLN (1.53 [95% CI: 1.10-2.12]),
prior DMT use (1.51 [95% CI: 1.00-2.29]), and a
longer treatment duration on OCR (1.09 [95% CI:
1.03-1.15]). Lymphopenia was not associated with
an increased risk of SIs (1.42 [95% CI:
0.69-2.92]).

In the multivariate model (Figure 7(a)), only the
presence of =1 comorbidities (one comorbidity,
1.66 [95% CI. 1.07-2.57]; =2 comorbidities,
2.73 [95% CI: 1.68-4.45]), recent relapse activ-
ity (2.06 [95% CI: 1.23-3.44]), and EDSS score
=6.0 (2.02 [95% CI: 1.23-3.32]) remained sig-
nificant independent risk factors for SIs.
Hypogammaglobulinemia and longer treatment

duration with OCR were not associated with a
higher risk of SIs.

The results of both univariate and multivariate
models for all infections (serious and nonserious)
were overall consistent with the results observed
for SIs (Figure 7(a) and Supplemental Figure 5).
In the multivariate analysis, having a higher
comorbidity burden (=2 comorbidities, 1.62
[95% CI. 1.41-1.87]; one comorbidity, 1.36
[95% CI: 1.20-1.55]) and relapse activity before
OCR treatment start (1.25 [95% CI: 1.11-1.41])
presented as the highest risk factors for all infec-
tions, while previously treated patients (1.14
[95% CI: 1.00-1.29]) and patients with
IgM <LLN (1.18 [95% CI: 1.08-1.29]) showed
a small increased risk. Male patients also exhib-
ited a reduced risk of infections compared with
female patients (0.63 [95% CI: 0.55-0.72]).
Time on OCR (0.92 [95% CI: 0.91-0.93]) was
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Figure 6. Yearly rates of Sls in patients during periods of IgG <LLN and IgG=LLN, excluding COVID-19 infections, in patients with

RMS (OPERA, n=1488) and PPMS (ORATORIO, n=644).
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Sls were considered associated with IgG <LLN if the onset of the Sl occurred while IgG <LLN. If the onset occurred while 1gG levels were in the
normal range, even if the Sl resolution occurred while IgG <LLN, the infection was not considered to be associated with IgG <LLN. In any given year,
a single patient could experience Sls while IgG was normal or below normal; therefore, the same patient can contribute to both curves (this explains

why, for example, in Year 1, the sum of patients in both curves is 1670, whereas the number of patients at risk in the same period is 1488). Year 12

data are not represented in the graph as no Sls were reported. CCOD, November 2022.
395% Cl at Year 11 for patients with IgG <LLN from ORATORIO: 0.08-18.24.
CCOD, clinical cut-off date; Cl, confidence interval; COVID-19, coronavirus disease 2019; Ig, immunoglobulin; LLN, lower limit of normal; OCR,

ocrelizumab; PPMS, primary progressive multiple sclerosis; PY, patient years; RMS, relapsing multiple sclerosis; Sl, serious infection.

not associated with an increased risk of

infections.

Patients with PPMS [ORATORIO). Compared with
OPERA, similar covariates were associated with a
higher risk of SIs in patients with PPMS in the
univariate analysis (Supplemental Figure 6),
including being located in the United States (2.40
[95% CI: 1.30-4.43]), having overweight or obe-
sity (BMI >25kg/m?,2.12 [95% CI: 1.39-3.22]),
IgM <LLN (2.04 [95% CI: 1.46-2.85]), and the
presence of =2 comorbidities (2.60 [95% CI:
1.53-4.40]), of which renal and urinary, depres-
sion, cardiovascular comorbidities, and previous
infections were the most significant in a descend-
ing order (Supplemental Figure 6). However,
requiring assistance to walk or being nonambula-
tory was associated with the greatest risk (3.96
[95% CI: 1.96-8.00]). Lymphopenia was not
associated with an increased risk of SIs (1.28
[95% CI: 0.48-3.46]).

After adjusting for multiple covariates (Figure 7(b)),
having an EDSS score =6.0 remained the highest
risk for SIs, associated with a 4-fold increased risk

(4.31 [95% CI: 2.09-8.87]). Abnormal IgM levels
(1.89 [95% CI: 1.29-2.79]), the presence of =2
comorbidities (1.80 [95% CI: 1.06-3.08]), and
having overweight or obesity (1.46 [95% CI: 1.00—
2.13]) also retained an association with an increased
risk of SIs; it should be noted that among 234
patients with IgM <LLN, 6 (2.6%) patients experi-
enced 29 out of 78 (37.2%) SIs, suggesting a poten-
tially skewed risk association.

The results of both univariate and multivariate
models for all infections were overall consistent
with the results observed for SIs (Figure 7(b) and
Supplemental Figure 6). In the multivariate
model, having a higher comorbidity burden (=2
comorbidities, 1.63 [95% CI: 1.36-1.95]; one
comorbidity, 1.42 [95% CI: 1.20-1.67]), having
underweight (1.60 [95% CI: 1.13-2.28]), being
located in the United States (1.33 [95% CI:
1.08-1.64]), and having greater disability (EDSS
score =6.0, 1.31 [95% CI. 1.08-1.59]) were
independent risk factors. Similar to the observa-
tion in the RMS population, male patients with
PPMS also exhibited a reduced risk of infections
(0.73 [95% CI: 0.62-0.86]) compared with
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Figure 7. Multivariate model for risk of infections and Sls in (a) OPERA and (b) ORATORIO. (a) Risk of all infections and Sls in OPERA
(RMS] over a period of up to 11.2years. (b) Risk of all infections and Sls in ORATORIO (PPMS), over a period of up to 11.8years.
Significant covariates (p-values < 0.05) are marked in bold.
Covariates were selected from univariate models if their significance level was p=<0.2. Each model (RMS/PPMS and all infections/Sls) was treated
independently, which may result in different covariates being selected. For example, IgG <LLN was not selected for the multivariate analysis of all
infections, but it was selected for the multivariate analysis of Sls in patients with RMS in OPERA. Covariates with no results (marked “-") correspond
to covariates not selected from the univariate analysis due to its significance level being p>0.2. CCOD, November 2022.

BMI, body mass index; CCOD, clinical cut-off date; Cl, confidence interval; DMT, disease-modifying therapy; EDSS, Expanded Disability Status Scale;
Ig, immunoglobulin; LLN, lower limit of normal; OCR, ocrelizumab; PPMS, primary progressive multiple sclerosis; RMS, relapsing multiple sclerosis;
ROW, rest of the world; RR, rate ratio; Sl, serious infection.

female patients with PPMS, and time on OCR
(0.96 [95% CI: 0.94-0.97]) was not associated
with an increased risk of infections.

Discussion

The present analysis provides a comprehensive
assessment of the incidence, clinical characteris-
tics, and outcomes of SIs in a large, heterogeneous
MS population (z=6155) treated continuously
with OCR for up to 14 years across 13 clinical tri-
als. It also includes the most complete dataset for
assessment of potential risk factors in 2092 PwMS
with a follow-up of up to 12years.

UTIs, LRTIs, gastrointestinal infections, and
skin infections were the most commonly reported
types of SIs, similar to evidence for anti-CD20

drugs?3 and reports from real-world studies.!3-6,22
Nearly 90% of all SIs resolved without sequelae,
and <0.5% of all patients discontinued treatment
due to SIs. When COVID-19 cases were excluded,
only 8 infection-related fatalities (0.03 per 100
PY [95% CI: 0.01-0.06]) were reported in 6155
OCR-treated patients, well below fatal infection
rates reported in real-world MS studies (0.1 per
100 PY),3 suggesting a manageable infection risk
profile.

Rates of SIs remained stable and infrequent, with
only minor fluctuations observed over time,
including in the subset of patients (z=2092) from
the pivotal phase III trials. These results are dis-
cordant with a recent large real-world study of
patients treated with anti-CD20 agents (rituxi-
mab and OCR) over a mean time of 2.6 years24;
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total time on rituximab/OCR modestly increased
annual risk for infections resulting in hospitaliza-
tion, intravenous antibiotics, or extended dosing
antibiotics (odds ratio [OR]: 1.33 [95% CI: 1.17—
1.51]). However, it should be noted that this
study included PwMS and neuromyelitis optica
spectrum disorder, and was conducted on com-
plete case analysis, excluding many patients with
incomplete or missing data. The authors were
also unable to account for some risk factors such
as BMI and comorbidities. As shown in our uni-
variate analysis, the presence of cardiovascular
disease, depression, previous infections, and renal
and urinary comorbidities was generally associ-
ated with an increased risk of infections and SIs.
While depression may seem a biologically implau-
sible risk factor, the same association was previ-
ously observed in a large study investigating
multiple Danish registries.?5 In the present study,
patients with PPMS who have overweight/obesity
also had an elevated risk for SIs, notably sepsis
and skin infections, while patients with PPMS
who have underweight had a higher risk of all
infections. A U-shaped increased infection rate
has been suggested in both adults who have
underweight and obesity.26 These results have
clear implications for the management of OCR-
treated PwMS, as many of these comorbidities
can to some extent be modified, which may help
mitigate safety risks.

In our analysis, patients with RMS experiencing
clinical relapses during the study had a 2-fold
increased risk of SIs. Patients with PPMS requir-
ing bilateral walking assistance or a wheelchair had
an over 4-fold increased risk of SIs, in agreement
with an 8.6-fold increased risk of SIs in wheelchair-
bound patients previously shown by Vollmer et
al.?* The clinical benefit of an earlier intervention
with OCR, demonstrated on outcomes such as
relapses and in particular disability,27-2® may there-
fore result in a lowering of the risk of SIs.

The associations of SIs with lymphopenia and
neutropenia have been previously characterized!?;
the current analysis confirms that these labora-
tory abnormalities occur infrequently and are not
associated with increased risk of SIs in OCR-
treated patients. The potential risk posed by low
IgG levels remains one of the greatest concerns
among neurologists treating patients with anti-
CD20 drugs such as OCR, despite other non-anti-
CD20 DMTs such as natalizumab, fingolimod,
and teriflunomide also potentially leading to

reduced IgG levels.?3:2931 Qur analysis showed
that while IgG (and IgM) levels decrease over a
period of 12years, for more than 8 out of 10
patients, IgG levels remain normal and in half of
the cases, periods of low IgG are transient and
return to normal after approximately three infu-
sion cycles. Importantly, discontinuation due to
low Ig is uncommon, as is the need for IVIg
replacement therapy. Other anti-CD20s with a
shorter follow-up also have a limited impact on
patient IgG levels, with few patients discontinu-
ing due to low IgG levels.?3:32 It also demonstrated
that while the risk for SIs in patients experiencing
hypogammaglobulinemia is seen in the univariate
analyses, when accounting for multiple risk fac-
tors, decreased IgG levels were not significantly
associated with SIs. In fact, rates of SIs associated
with low IgG remained stable over a period of up
to 12years, with <2% of patients experiencing
SIs during periods of IgG <LLN;j the type, sever-
ity, duration, and outcome of these SIs are con-
sistent with SIs observed in the overall
OCR-treated population. In Vollmer et al.,?*
patients with IgG <500 mg/dL showed increased
odds of SIs (adjusted OR: 3.15); however, miss-
ing data were common for IgG values as these
were not regularly collected. It is possible that Ig
levels may have been more frequently measured
in patients who were already presenting with
infections, in contrast with our analyses, where
IgG values were measured in all patients at regu-
lar intervals. An association between IgM <LLN
and SIs in patients with PPMS was observed, but
this was not evident in patients with RMS. This
might be a chance finding due to the skewness of
the data, given that 37% of SIs occurring during
periods of IgM <LLN were observed in only
2.6% of patients. Vollmer et al.2* showed no asso-
ciation between low IgM and infections.

The current analysis also highlights important
information on infections of special interest in
MS. For example, no clinical or laboratory reacti-
vation of HBV was reported in 175 patients with a
positive HBcAD titer at baseline. Only around 7%
of these patients were on prophylactic antiviral
treatment, suggesting that the risk of reactivation
in PwMS might be low; outside of clinical trial set-
tings, one case of HBV reactivation has been pub-
lished.?®> While vaccination remains the best
strategy to prevent HBV infection, our findings
are consistent with recent recommendations that
regular monitoring of HBcAb+ patients via HBV
DNA quantification (performed every 6 months in
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OCR clinical trials) can be used as a possible risk
mitigation strategy for patients at risk of reactiva-
tion, beyond other more common approaches
such as the initiation of prophylaxis with antiviral
drugs.3*35> Opportunistic infections of general
concern for clinicians treating PwMS36-40 were
not observed in this analysis, and serious herpes
infections were infrequently reported. Reports on
COVID-19 cases in patients treated with OCR
have been previously published,*!»*2 and at the
time of writing, detailed analyses including both
clinical and immunological (B-cell and T-cell lev-
els) outcomes, are underway.

The current analysis has some limitations. This is
a pooled, post-hoc analysis based on patients
enrolled into clinical trials, limiting generalizabil-
ity to real-world settings. Still, the cohort had a
very heterogeneous composition, including
patients across the entire MS disease spectrum,
with age above the typical upper limit in clinical
trials (>65years), long DMT histories, and a
higher number of comorbidities. Attrition bias
may also be a potential limitation as patients who
discontinued earlier from the OPERA and
ORATORIO studies were more likely to have
higher disability levels, but interestingly, a similar
comorbidity burden as those who completed the
studies, at the time of randomization and discon-
tinuation (Supplemental Table 10). Finally,
although the study included long-term data, it
should be noted that patient numbers beyond
Year 11 of treatment are limited. This analysis
has several strengths; it is the largest cohort of
OCR-treated patients, across multiple countries
with diverse standards of MS care, and it is also
unique for its prospective nature and the long
follow-up period. This is also the most detailed
analysis to date investigating risk factors for infec-
tions and SIs with an anti-CD20 treatment.

Conclusion

In conclusion, the main findings of this integrated
pooled analysis suggest that continuous long-term
treatment with OCR is associated with a manage-
able infection risk profile, with rates of SIs remain-
ing low and stable, with infections rarely leading
to unfavorable clinical outcomes, and with most
patients continuing treatment with OCR. Longer-
term follow-up and post-marketing studies will

continue to monitor the infection risk profile of
long-term treatment with OCR.
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