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Abstract

Background/Objectives: Multiple sclerosis (MS) is a chronic autoimmune disease of the
CNS characterized by immune-mediated inflammation and neurodegeneration. Based on
its immunoablative effect targeting the CD20-positive B lymphocytes, ocrelizumab has
emerged as a valid therapeutic option for MS. Although the on-treatment dynamics of
leukocyte subpopulations are crucial for optimizing therapeutic strategies, little data are
available in this field. Here, we aim to investigate how pre- and post-infusion immune-cell
subsets change and correlate with each other, and how CD19+ B cell repopulation evolves
over time. Methods: In an observational, retrospective, and prospective real-world study,
we studied 51 relapsing-remitting MS ocrelizumab-treated patients who underwent flow
cytometric immunophenotyping before and after each infusion and at three-month inter-
vals, up to the eighth (4 years), for a total of 408 cycles. Results: After an initial decrease,
post-infusion lymphocyte count returned to normal, while total white blood cells showed
a sawtooth pattern driven by post-infusion increases. Granulocytes and natural killer
cell counts remained substantially stable, while monocytes showed a significant cyclic
pattern: increasing post-infusion, decreasing at the intermediate time point, with a more
pronounced reduction pre-infusion, and rising again after re-administration. CD3+ and
CD4+ T cells exhibited the same cyclic sawtooth pattern observed for monocytes. The
CD4+/CD8+ ratio progressively increased, reflecting a significant elevation of CD4+, CD3+
and, to a lesser extent, CD8+ T cells. Pre-infusion CD19+ B cell counts progressively de-
creased, approaching zero by the fourth treatment year. Pre-treatment CD3+, CD4+, CD8+,
lymphocyte, monocyte, and granulocyte counts differed significantly from on-treatment
values. Correlation analyses showed that the major relationships among leukocyte subsets
remained preserved throughout treatment. Conclusions: This study details leukocyte
subpopulation dynamics during ocrelizumab therapy, unveiling previously unrecognized
immunomodulatory properties beyond B-cell depletion. Ocrelizumab predominantly af-
fects adaptive immunity, with potential indirect effects on innate immune compartments,
and is associated with changes across immune-cell populations. These findings could
have implications for individualized treatment strategies, but their direct application in
this field still requires confirmatory studies on immunophenotyping and peripheral B-cell
repopulation dynamics.
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1. Introduction

Multiple sclerosis (MS) is a chronic autoimmune disease characterized by immune-
mediated damage to the central nervous system (CNS), with both inflammatory and
neurodegenerative components [1]. Although the exact etiology of MS remains elusive,
accumulating evidence suggests that aberrant innate and adaptive immune responses,
particularly those involving lymphocytes, play a crucial role in disease pathogenesis [2].
Recent advances in immunotherapy have revolutionized MS treatment, and among the
emerging therapeutic options, ocrelizumab (Ocrevus, Genentech, Inc.—Roche Group,
South San Francisco, CA, USA) (OCR), a humanized monoclonal antibody targeting CD20-
positive B lymphocytes, has demonstrated significant efficacy in reducing disease activity
and slowing disability progression. Following the OPERA I, OPERA II, and ORATORIO
clinical trials, OCR was approved as a second-line disease-modifying treatment (DMT) for
both relapsing-remitting MS (RRMS) and primary progressive MS (PPMS) [34].

This molecule selectively depletes CD20-positive B cells from the peripheral blood,
modulating the immune response and potentially ameliorating the disease process. B cells
contribute to MS pathology through various mechanisms, including antigen presentation,
pro-inflammatory cytokine secretion, and pathogenic antibody production. By targeting
these cells, OCR aims to interrupt the immune cascade underlying MS and consequently
provide clinical benefits to patients [5,6].

Understanding the dynamics of lymphocyte subpopulations following OCR treat-
ment is crucial for unraveling the drug’s mechanisms of action and optimizing therapeutic
strategies for MS management. Flow cytometry, a powerful tool for detailed immunophe-
notyping, enables the accurate characterization and quantification of distinct lymphocyte
subsets, based on specific cell surface markers. Through this technique, researchers have in-
vestigated the kinetics of peripheral lymphocyte subpopulations in MS patients treated with
ocrelizumab as well as in patients receiving other anti-CD20 therapies, such as rituximab.

Indeed, CD19+ B cell count has emerged as a crucial indicator of treatment response in
patients undergoing anti-CD20 therapies, as CD19 is a surface marker expressed on most
normal and pathogenic memory B cells. Accordingly, a post-infusion CD19+ B cell count
>1% is generally considered indicative of early B cell repopulation and may guide the
timing of DMT reinfusion. However, this is not the case for OCR, which is administered
at fixed six-month intervals regardless of B cell count. In any case, although B cell counts
are not routinely monitored, gaining insight into lymphocyte subpopulation dynamics in
ocrelizumab-treated MS patients may enhance our understanding of the immunological
changes associated with this therapeutic approach, particularly regarding the impact of this
therapy on the various lymphocyte subsets, including B cells, T cells, Natural Killer (NK)
cells, CD4+ T helper cells, CD8+ cytotoxic T cells, and the CD4+/CD8+ ratio. In fact, al-
though OCR was originally developed to selectively target CD20-positive B cells, increasing
evidence suggests that its immunological effects extend beyond the B cell compartment [7].
Several studies have reported changes in T cell subsets, particularly CD8+ T cells and
NK cell populations during treatment [8-11]. Moreover, emerging data indicate that the
modulation of specific lymphocyte subsets may be associated with treatment response and
long-term clinical outcomes [8,12,13]. Nevertheless, the kinetics of peripheral immune cell
populations following OCR therapy remain incompletely characterized, and data on non-
lymphoid leukocyte populations, including monocytes and polymorphonuclear leukocytes
(PMN), remain very limited.

This article aims to provide a more comprehensive characterization of leukocyte
dynamics, with a particular focus on lymphocyte subsets, in MS patients undergoing OCR
treatment. Furthermore, it explores these changes in the context of MS pathophysiology and
treatment response. Such knowledge lays the groundwork for treatment monitoring and
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individualized therapeutic management; however, the potential relevance of peripheral
B-cell repopulation dynamics to treatment intervals requires prospective validation in a
larger population.

2. Results
2.1. Owverall Effects of Ocrelizumab Treatment on Leukocyte Subpopulations

All enrolled MS patients completed the eight OCR infusions, resulting in 408 analyzed
treatment cycles overall. Baseline hematological parameters were normal in all patients.
The overall effect of OCR therapy was assessed by comparison of mean pre-treatment (pre-
OCR) with mean on-treatment (post-OCR) values obtained from all available assessments
performed after treatment initiation and up to the eighth OCR infusion cycle (Figure 1A).
In addition, the short-term effects of OCR administration, mean pre-infusion (pre-INF)
(15 days before) and post-infusion (post-INF) (15 days after) values were also compared
(Figure 1B). The corresponding descriptive and inferential statistics are summarized in
Table 1. OCR treatment was associated with significant changes in T cell subpopulations,
including increased CD3+, CD4+, and CD8+ relative and absolute counts, as well as a
higher CD4+/CD8+ ratio. Similarly, pre-INF versus post-INF comparisons further re-
vealed significant short-term variations in total white blood cells (WBC), lymphocytes,
monocytes, PMNs, and CD3+ and CD4+ T cell absolute counts, while NK cells remained
substantially unchanged.

A pre OCR vs post OCR B pre INF vs post INF
Lymphs (%) (pre OCR) — Lymphs (%) (pre INF) ] *
Lymphs (%) (post OCR) — Lymphs (%) (post INF) — *
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Figure 1. Overall effects of Ocrelizumab treatment and infusion-related changes on leukocyte sub-
populations. (A) Comparison of mean pre-treatment (pre-OCR) and on-treatment (post-OCR) values
and (B) pre-infusion (pre-INFE, 15 days before infusion) and post-infusion (post-INFE, 15 days after in-
fusion) values across the entire cohort of 51 patients. Relative frequencies (% of WBCs) are shown
in the upper panel, and absolute cell counts (cells/pL) in the lower panel. WBC—white blood cells,
PMN—polymorphonuclear leukocytes. * = p < 0.05, ** = p < 0.01, * = p < 0.001, *** = p < 0.0001.
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Table 1. Descriptive and inferential statistics of leukocyte subpopulations before and after ocre-

lizumab treatment (pre-OCR vs. post-OCR) and ocrelizumab infusion (pre-INF vs. post-INF).

Pre-OCR Post-OCR Pre-INF Post-INF
N =51 Mean & SD Mean £+ SD p-Value Mean £+ SD Mean £ SD p-Value
(95% CI) (95% CI) (95% CI) (95% CI)
6655 + 2378 6978 + 1830 6624 £1987 7343 +2297
WBC (¢/uL) (5915-7416)  (6400-7556) s (6027-7221)  (6653-8033) <0.0001
. 27.37 + 8.09 26.63 £ 5.84 2729 +£602 2596+ 598
Lymphocytes (%) 5181 2092)  (24.79-28.48) " (2548-29.1)  (24.16-27.75) 0.0018
Lymphocytes 1818 + 682.5 1807 +518.7 . 1762 + 507.3 1841 + 581 0.0091
(c/uL) (1602-2033) (1643-1971) (1610-1915) (1667-2016) :
. 6.93 +2.10 7.19 +1.28 6.88 +£13 7.26 +1.26
Monocytes (%) (6.26-7.59) (6.78-7.60) " (6.49-7.28) (6.88-7.64) 0.0178
4523 £1624 4950+ 1346 4452 + 130 5164 + 136
Monocytes (¢/UL) 4511 503.6) (452.5-537.4) 0.0168 (406.2-484.3)  (475.6-557.3) <0.0001
. 63.44 + 8.36 64.66 + 6.31 6389+£659 6513 +631
PMN (%) (60.8-66.08) (62.67—66.65) " (61.91-6587)  (63.24-67.03) 0.0459
4312 + 1776 4606 -+ 1457 4333 £1534 4883 + 1807
PMN (e/uL) (3751-4872) (4147-5066) s (3872-4794) (4340-5426) <0.0001
. 73.15 + 7.46 84.88 + 5.61 8467 £611 85114646
CD3+ T cells (%) (70.79-75.5) (83.11-86.65) <0.0001 (82.83-86.5)  (83.17-87.05) e
CD3+ T cells 1329 + 5233 1536 =+ 464.3 0.0008 1489 £ 4681 1579 £ 532.6 0.0009
(c/uL) (1164-1494) (1390-1683) ' (1348-1630) (1419-1739) :
. 47.83 + 6.65 57.80 + 6.73 56.78 + 7.17 57.58 + 7.1
CDa+ Teells (%) 4573 4903)  (55.68-59.93) <0.0001 (54.62-5893)  (55.44-59.71) ns
CD4+ T cells 881.5 4 392.7 1053 & 356 <0.0001 1009 +3495 1073 £ 3815 0.0002
(c/uL) (757.5-1005) (941.1-1166) ‘ (9035-1114)  (958.6-1188) :
. 22.83 + 6,51 2549 +7.25 2642+792 2593 +8.06
CD8+ T cells (%) (20.77-24.88) (23.2-27.78) <0.0001 (24.04-28.8) (23.51-28.35) s
CD8+ T cells 411.0+£1833 4557 £1795 0.0401 4579 £197.7 4750 +231.0 e
(c/uL) (352.9-469.0) (399-512.4) ' (3985-5173)  (405.6-544.4)
. 2.33 £ 0.94 2.57 £ 1.08 2.50 £ 1.20 255 £ 1.16
CD4+/CD8+ ratio (2.03-2.63) (2.23-2.91) 0.0031 (2.13-2.86) (2.21-2.91) ns
NK cells (%) 12.07 & 6.12 12.98 & 5.27 . 1304 £565 1258 £5.77 e
° (10.14-1401)  (11.31-16.64) (11.34-1474)  (10.84-14.31)
NK cells ¢/ L) 2203 +1439  233.0+117.2 s 2229+1199 2285+ 1143 e

(174.9-265.7)

(196.0-270.0)

(186.9-258.9)

(194.1-262.8)

Data are presented as mean =+ SD (95% CI). Relative frequencies (% of WBCs) and absolute cell counts
(cells/uL) are reported for each leukocyte subpopulation. Pre-OCR mean values refer to assessments
performed before treatment initiation, whereas post-OCR mean values were calculated from all
available on-treatment assessments up to the eighth OCR infusion cycle. Pre-INF and post-INF values
correspond to mean measurements obtained 15 days before and 15 days after ocrelizumab infusion,
respectively. Statistically significant p-values are shown in bold. OCR: ocrelizumab, WBC: white
blood cells, PMN: polymorphonuclear leukocytes, NK: natural killer cells, ¢/ pL: cells/microliters.

2.2. Longitudinal Leukocyte Populations Dynamics

Descriptive statistics for all investigated leukocyte subsets, expressed as both cell fre-

quencies (%) and absolute cell counts (c/uL), are provided in Supplementary Data S1. WBC

counts displayed cyclical oscillatory changes throughout OCR treatment, characterized

by recurrent post-infusion increases followed by declines before the subsequent infusion

(Supplementary Figure S1). This fluctuating pattern became more evident in later infusion

cycles, particularly after the sixth treatment cycle.
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Total lymphocyte frequencies and absolute cell counts showed only minor fluctuations
across treatment cycles (Supplementary Figure 52). However, even though isolated pairwise
differences reached statistical significance, no clear temporal trend was observed.

Monocyte frequencies and absolute cell counts showed significant longitudinal varia-
tions during OCR treatment (overall longitudinal p = 0.0021 and p = 0.0028, respectively;
Figure 2). Both parameters displayed a characteristic sawtooth pattern, with repeated
post-infusion peaks followed by progressive reductions during the inter-infusion interval,
further decreases at pre-infusion evaluations, and subsequent increases after each OCR
administration. Several significant pairwise comparisons involved the post-2nd dose of the
1st infusion assessments.

Monocytes

W Mono (%) (p=0.0021)

154 —-1000
1 Mono (c/ul) (p=0.0028)
- 800
- 600
Q
=
- 400
- 200
IR S S e B B S S R B BN S . R R B — E— R — — —
Ooq.b°6°b°az;1'ob Wob\q’(\bbﬁ be,n}b\q"bb’&\ z“&\&«&e"&\& }6& 0&\6&«'\ x’?@,\&\,\\? }’@ 0&‘\%&
4 \‘} Qé \a}Q‘ an}\ Q‘ °6‘2§ Q(Qoe > Q‘Qoaé?Q(Qob@ Q‘Qo‘),\@ Q‘ Qofo
< g’& Q
e

Figure 2. Longitudinal dynamics of monocytes during OCR treatment. Mean £+ SD monocyte
frequencies (% of total WBC) and absolute cell counts (c/uL) measured at each study time-point
throughout eight OCR infusions. Note that both parameters showed a recurrent peak-and-decline
profile across consecutive cycles. Overall longitudinal p-values were 0.0021 and 0.0028, respectively.
Pre-OCR: baseline assessment before ocrelizumab start; post 1st dose and post 2nd dose: evaluations
performed after the first and second doses of the initial infusion, respectively; time-points indicated
by two consecutive infusion cycles (e.g., 2nd-3rd, 3rd—4th) represent intermediate inter-infusion
assessments; thereafter, pre and post indicate evaluations performed 15 days before and 15 days after
each subsequent OCR infusion, respectively.

PMN frequencies and absolute counts also showed cyclical fluctuations throughout
OCR treatment, with alternating post-infusion increases and inter- and pre-infusion de-
clines, while remaining overall stable across the study period (Supplementary Figure S3).

2.3. T-Cell Compartment Dynamics

CD3+ T cell frequencies increased rapidly after OCR initiation and remained persistently
elevated throughout follow-up compared with baseline values (overall longitudinal p < 0.0001;
Figure 3). Recurrent cyclical fluctuations were also evident across treatment cycles, characterized
by post-infusion increases followed by inter-infusion declines. Absolute CD3+ T cell counts
displayed a similar, although less pronounced, oscillatory pattern (Figure 3).

Consistent with the findings observed for total CD3+ T cells, CD4+ T cell frequencies
increased significantly after OCR initiation and remained elevated throughout follow-
up compared with baseline values (overall longitudinal p < 0.0001; Figure 4). Absolute
CD4+ T cell counts also showed significant longitudinal variation over the study period
(overall longitudinal p = 0.0483). This parameter exhibited in both cases a characteristic
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sawtooth pattern, with recurrent post-infusion increases followed by progressive inter-
infusion declines and subsequent rises after each OCR administration.
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100 & CD3+ (o) - 2500
_ - 2000
90 ch
1Y p" E _B . A
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Q&Z\\‘J&ob'@Q@’b‘\Q@“’ REWITLFTILET LTS
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Figure 3. Longitudinal dynamics of CD3+ T cells during OCR treatment. Mean + SD CD3+ T cell
frequencies (% of total lymphocytes) and absolute cell counts (c/pL) measured at each study time-
point throughout eight OCR infusions. Note that CD3+ T cell frequencies increased after OCR
initiation and remained elevated throughout follow-up (overall longitudinal p < 0.0001), while both
frequencies and absolute counts exhibited cyclical fluctuations across consecutive treatment cycles.
Pre-OCR: baseline assessment before ocrelizumab start; post 1st dose and post 2nd dose: evaluations
performed after the first and second doses of the initial infusion, respectively; time-points indicated
by two consecutive infusion cycles (e.g., 2nd-3rd, 3rd—4th) represent intermediate inter-infusion
assessments; thereafter, pre and post indicate evaluations performed 15 days before and 15 days after
each subsequent OCR infusion, respectively.

CD4+ T cells
- CD4+ (%) (p<0.0001)
80 — 2000
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Figure 4. Longitudinal dynamics of CD4+ T cells during OCR treatment. Mean £ SD CD4+ T cell
frequencies (% of total lymphocytes) and absolute cell counts (c/uL) measured at each study time-
point throughout eight OCR infusions. Note that both parameters exhibited a characteristic sawtooth
pattern, with recurrent post-infusion increases followed by progressive inter-infusion declines and
subsequent rises after each OCR administration (overall longitudinal p < 0.0001 and p = 0.0483,
respectively). Pre-OCR: baseline assessment before ocrelizumab start; post 1st dose and post 2nd dose:
evaluations performed after the first and second doses of the initial infusion, respectively; time-points
indicated by two consecutive infusion cycles (e.g., 2nd-3rd, 3rd—4th) represent intermediate inter-
infusion assessments; thereafter, pre and post indicate evaluations performed 15 days before and
15 days after each subsequent OCR infusion, respectively.
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CD8+ T cell frequencies remained relatively stable throughout follow-up, showing
only limited variations across treatment cycles (Figure 5). Nevertheless, values were lower,
particularly after the 6th infusion, coinciding with peak CD4+ T cell frequencies. Consistent
with this divergent behavior of the two T cell subsets, the CD4+/CD8+ ratio increased
during follow-up, reaching its highest values during the final study assessments (Figure 6).

CD8+ T cells - cose (%)
404 _ — 1 CD8+ (c/ul) ~ 800
30- - 600
R 20 - 400 &
10 - 200

0
v T T 1 1 1 1 T T 1 1

T 71T 17T 1T " "T1T"1
¢ O O Q.Q.Q.0 3 O S
S A S af” ol ol g RN N N G G & LS
A “6)@06‘ R g

T EFF LT EL T EL S

Qo

9 2

bbo N @
N Q!

Figure 5. Longitudinal dynamics of CD8+ T cells during OCR treatment. Mean + SD CD8+ T cell
frequencies (% of total lymphocytes) and absolute cell counts (c/pL) measured at each study time-
point throughout eight OCR cycles. Note that CD8+ T cell frequencies remained relatively stable
throughout follow-up, although lower values were observed at post-6th, post-7th, and post-8th OCR
infusions. Pre-OCR: baseline assessment before ocrelizumab initiation; post 1st dose and post 2nd
dose: evaluations performed after the first and second doses of the initial infusion, respectively; time-
points indicated by two consecutive infusion cycles (e.g., 2nd-3rd, 3rd—4th) represent intermediate
inter-infusion assessments; thereafter, pre and post indicate evaluations performed 15 days before
and 15 days after each subsequent OCR infusion, respectively.

CD4+/CD8+ ratio

51 -©- CD4+/CD8+ ratio
4 _
3-
2-
1 1
r—rr""T"T"T""T"T T T T T T T T T T T
oGt o”zq,(‘bfp(‘ mb;h‘bébf?b)'-&&‘ W S S S S AT AT G S
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Figure 6. Longitudinal dynamics of the CD4+/CD8+ ratio during OCR treatment. Mean + SD
CD4+/CD8+ ratio measured at each study time-point throughout eight OCR infusion cycles. Note
that the CD4+/CD8+ ratio increased during follow-up, reaching its highest values after the 6th OCR
infusion, concomitantly with peak CD4+ T cell frequencies and lower CD8+ T cell frequencies. Pre-
OCR: baseline assessment before ocrelizumab initiation; post 1st dose and post 2nd dose: evaluations
performed after the first and second doses of the initial infusion, respectively; time-points indicated
by two consecutive infusion cycles (e.g., 2nd-3rd, 3rd—4th) represent intermediate inter-infusion
assessments; thereafter, pre and post indicate evaluations performed 15 days before and 15 days after
each subsequent OCR infusion, respectively.
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NK cells remained substantially stable over time, with only limited variations across
treatment cycles (Supplementary Figure S4), and no consistent longitudinal changes
were observed.

2.4. CD19+ B Cells

In the longitudinal evaluation of the B cell subset, we observed a progressive decline
in both pre-infusion CD19+ B cell frequencies and absolute cell counts throughout the
observational period (p = 0.0371 and p = 0.0497, respectively; Figure 7). Notably, pre-
infusion values continued to decrease over time, reaching near-zero levels by the fourth
year of treatment, suggesting a cumulative depletion of circulating CD19+ B cells during
OCR therapy.

CD19+ B cells
1.5- - 20
-l CD19+ (%) (p=0.0371)

B CD19+ (c/ul) (p=0.0497)

B _ 15
1.0 ;\E
(2]
RS -10 =
0.5
-5
0.0 T T T T T T T 0
q'(\b 'b& es‘& 06& e,éo e:\’& e:b@
<
Q& & N\ R\ R\ N\ J

Figure 7. Longitudinal dynamics of pre-infusion CD19+ B cells. Mean & SE CD19+ B cell frequencies
(% of total lymphocytes) and absolute cell counts (c/uL) measured immediately before (pre) each
OCR infusion throughout follow-up. Note that both parameters progressively declined over time,
approaching near-zero values by the fourth year of treatment (overall longitudinal p = 0.0371 and
p = 0.0497, respectively).

2.5. Baseline and On-Treatment Correlations

We also examined correlation analyses across all investigated leukocyte subsets at
baseline and during OCR treatment. Correlation matrices of these findings are shown in
Supplementary Figure S5. Only selected biologically relevant correlations are presented in
the main text, whereas the complete correlation matrices obtained using both cell frequen-
cies (%) and absolute cell counts (c/pL) are provided in Supplementary Data S1. Percentage
values were preferentially reported, as they describe the relative distribution of immune-
cell subsets within the peripheral leukocyte compartment. Correlation patterns derived
from absolute cell counts were largely consistent with those obtained with cell frequencies.

Spearman’s correlation analysis revealed significant associations among major leuko-
cyte populations. Specifically, lymphocytes pre-OCR were inversely correlated with PMNs
both at baseline (r = —0.8980, p < 0.0001) and after OCR initiation (r = —0.6856, p < 0.0001).
Furthermore, lymphocytes post-OCR were negatively associated with post-OCR PMNs
(r=—0.9749, p < 0.0001).

Baseline CD3+ T cells showed a positive correlation with both pre- and post-OCR CD8+
T cells (r = 0.4019, p = 0.0092; r = 0.3985, p = 0.0099) and inversely with both pre- and post-OCR
NK cells (r = —0.6861, p < 0.0001; r = —0.6295, p < 0.0001, respectively). Similarly, post-OCR
CD3+ T cells remained strongly correlated with both post-OCR CD8+ T cells (r = 0.5337,
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p =0.0003) and NK cells (r = —0.9580, p < 0.0001). Baseline CD4+ T cells were inversely
associated with both pre- and post-treatment CD8+ T cells (r = —0.4794, p = 0.0015; r = —0.4331,
p = 0.0047) and both pre- and post-OCR CD4+/CD8+ ratios (r = 0.7222, p < 0.0001; r = 0.5796,
p < 0.0001, respectively). These correlations remained strongly significant when post-OCR
CD4+ T cells were considered (r = —0.6292, p < 0.0001; » = 0.8008, p < 0.0001, respectively).

Baseline CD8+ T cells correlated inversely with post-OCR CD4+ T cells (r = —0.6490,
p < 0.0001) and with pre- and post-OCR CD4+/CD8+ ratios (r = —0.9389, p < 0.0001;
r=—0.8623, p < 0.0001, respectively). Likewise, post-treatment CD8+ T cells remained
strongly and negatively associated with the post-treatment CD4+/CD8+ ratio (r = —0.9607,
p < 0.0001).

Consistent with these findings, baseline CD4+/CD8+ ratio directly correlated with
post-treatment CD4+ T cells (r = 0.7570, p < 0.0001) and inversely with post-treatment CD8+
T cells (r = —0.7909, p < 0.0001), further supporting that the longitudinal increase in the
CD4+/CD8+ ratio was driven by the divergent behavior of the CD4+ (with a considerable
increase) and CD8+ T (with a slight increase) cell compartments.

Baseline NK cells were also inversely correlated with post-OCR lymphocytes
(r=—0.4545, p = 0.0028), post-OCR CD3+ (r = —0.7071, p < 0.0001) and CD8+ T cells
(r=—0.4537, p = 0.0029) and directly with post-OCR CD4+/CD8+ ratio (r = 0.3281,
p =0.0363).

2.6. Pre- and Post-Infusion Correlations

We next examined the correlations among immune-cell subsets by comparing pre-,
inter-, and post-infusion assessments during the OCR administration period. Correlation
matrices including these three time points are provided in Supplementary Figure S6. As in
the previous analysis, only selected biologically relevant correlations between pre- and post-
infusion assessments based on percentage values are presented in the main text, whereas
the complete correlation matrices obtained using both cell frequencies (%) and absolute cell
counts (c/uL) are provided in Supplementary Data S1.

Spearman’s rank analysis across individual OCR infusions confirmed the correlation
patterns observed at OCR initiation, and also in the following study period, indicating that
the relationships among the major leukocyte subsets were consistently maintained over
time after the initial administration of the drug.

In particular, lymphocytes remained strongly and inversely associated with PMNs,
regardless of the timing of assessment, including both pre- and post-INF evaluations
(pre/pre: r = —0.9617; pre/post: r = —0.7854; post/post: r = —0.9208, respectively; all
p <0.0001).

Similarly, CD3+ T cells directly correlated with CD8+ T cells both before infusion
(r=0.5344, p = 0.0002), across pre-/post-infusion assessments (r = 0.5268, p = 0.0003), and
after infusion (r = 0.5568, p = 0.0001). Conversely, CD3+ T cells showed a strong inverse
correlation with NK cells throughout the infusion cycle (pre/pre: r = —0.9456; pre/post:
r = —0.8586; post/post: r = —0.9672, respectively; all p < 0.0001).

Likewise, CD4+ maintained their inverse correlation with CD8+ T cells and direct
correlation with the CD4+/CD8+ ratio, both before and after infusion (pre/pre: r = —0.5504
and r = 0.7195; pre/post: r = —0.5501 and r = 0.6855; post/post: r = —0.6257 and r = 0.7814;
all p < 0.0001). Consistently, pre-INF CD8+ T cells were directly correlated with post-
infusion CD3+ T cells (r = 0.5744, p < 0.0001) and inversely with both CD4+ T cells in pre-
and post-INF assessment (r = —0.5504, p < 0.001; r = —0.6000, p < 0.0001, respectively)
and CD4+/CD8+ ratio (r = —0.9585, p < 0.0001; r = —0.9293, p < 0.0001). Comparable
association patterns were observed in the post-infusion analysis over time. Specifically,
post-INF CD8+ T cells remained strongly and inversely correlated with the CD4+/CD8+
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ratio (r = —0.9661, p < 0.0001). Likewise, the pre-INF CD4+/CD8+ ratio remained directly
correlated with post-INF CD4+ T cells (v = 0.7350, p < 0.0001) and inversely with post-
INF CD8+ T cells (r = —0.9448, p < 0.0001), confirming the persistence of the reciprocal,
long-term CD4+/CD8+ relationship across infusion cycles.

Pre- and post-INF NK cells also maintained significant inverse correlations with post-
INF CD3+ T cells (r = —0.9177, p < 0.0001; r = —0.9672, p < 0.0001, respectively) and CD8+
T cells (r = —0.4394, p = 0.0032; r = —0.4977, p < 0.0001, respectively). Taken together,
these findings indicate that several associations among the major leukocyte subsets were
consistent across the different assessment periods. In addition, these correlation patterns
were observed both before and after OCR infusion.

Finally, selected biologically relevant correlations are further illustrated by representa-
tive linear regression analyses in Figure 8.
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Figure 8. Inferential statistics with representative linear regression analyses of selected immune-cell
correlations before and during OCR treatment. For each correlation, the first column shows pre-OCR
correlated with both pre- and post-OCR values, the second column shows pre-INF correlated with
both pre- and post-INF values, the third column shows post-OCR correlated with post-OCR values,
and the fourth column shows post-INF correlated with post-INF values. (A) Inverse correlation
between lymphocyte and PMN frequencies (pre-OCR vs. pre/post OCR: ¥ = —0.8980 and r = —0.6856;
pre-INF vs. pre/post INF: r = —0.9617 and r = —0.7854; post OCR vs. post OCR: r = —0.9749; post
INF vs. post INF: ¥ = —0.9208). (B) Inverse correlation between CD3+ T cell and NK cell frequencies
(pre OCR vs. pre/post OCR: r = —0.6861 and r = —0.6295; pre INF vs. pre/post INF: r = —0.9456 and
r = —0.8586; post OCR vs. post OCR: r = —0.9580; post INF vs. post INF: r = —0.9672). (C) Direct
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correlation between CD4+ T cell frequencies and the CD4+/CD8+ ratio (pre OCR vs. pre/post OCR:
r=0.7222 and r = 0.5796; pre INF vs. pre/post INF: r = 0.7195 and r = 0.6855; post OCR vs. post OCR:
r = 0.8008; post INF vs. post INF: r = 0.7814). (D) Inverse correlation between CD8+ T cell frequencies
and the CD4+/CD8+ ratio (pre OCR vs. pre/post OCR: r = —0.9389 and r = —0.8623; pre INF vs.
pre/post INF: r = —0.9588 and r = —0.9293; post OCR vs. post OCR: r = —0.9607; post INF vs. post
INF: r = —0.9661). Linear regression analyses showed p-values < 0.0001 for all correlations. Note
that the major relationships among immune-cell subsets were consistently preserved before and after
OCR initiation, as well as throughout successive infusion cycles, despite treatment-induced changes
in their relative distribution.

3. Discussion

OCR is a highly effective treatment in MS due to the selective depletion of CD20+
B cells [3,5,6]. However, its effectiveness is not limited to this mechanism of action. Previous
studies have reported modest and heterogeneous effects of OCR on peripheral T cell subsets,
particularly CD4+ and CD8+ T cells, highlighting the need for long-term longitudinal
analyses [7,10].

This study provides a comprehensive longitudinal evaluation of peripheral blood
immune-cell dynamics in patients with MS receiving a uniform OCR treatment regimen,
followed for up to eight infusions (408 cycles overall). The homogeneous treatment protocol
and the normal baseline hematological profile of all enrolled patients allowed for a clear
interpretation of treatment-related immunological changes and leukocyte subpopulations
dynamics. Furthermore, the large molecular size of this DMT provides a useful model for
investigating how therapeutic modulation of peripheral immunity may relate to central neu-
roinflammation or peripheral complications, including colitis or psoriasis [14,15]. Despite
the importance of these topics, no data are available that are consistent with an underlying
evidence-based theory in the field. However, here we found significant correlations be-
tween the assessed variables, shedding light on the effects of OCR treatment on leukocyte
subpopulations. In addition, we identified a novel DMT-induced pattern among leukocyte
subsets throughout the observed treatment period. These findings provide further insight
into the coordinated remodeling of peripheral immune-cell populations induced by OCR.
These observations are consistent with our recent study on OCR-associated brain volume
dynamics [16], suggesting that the biological effects of OCR extend beyond selective B cell
depletion. Furthermore, we considered not only the patients with complete pre-infusion
CD19+ B cell depletion, but also those showing measurable B cells during therapy, in order
to better characterize repopulation kinetics during long-term OCR treatment.

Our data indicate that OCR induces a dynamic change in circulating immune cells,
with reproducible patterns across treatment cycles. The most evident finding was the cycli-
cal pattern observed over the treatment period, characterized by transient post-infusion
changes followed by a gradual return toward pre-infusion values before the subsequent
administration. This oscillatory behavior was particularly evident for total WBC, mono-
cytes, PMNs, CD3+ and CD4+ T cells, whereas lymphocyte and NK cell counts remained
comparatively stable over time.

Specifically, lymphocyte frequencies showed only a modest transient reduction imme-
diately after treatment initiation, but absolute counts remained overall stable throughout
follow-up, suggesting that the treatment does not cause persistent lymphopenia. Instead,
it is associated with dynamic changes in lymphocyte subset proportions over time. In
particular, a decrease in lymphocyte count of approximately 10% is observed starting
after the first infusion. This percentage remains constant over time, in contrast to total
WBC counts, which evidenced the cyclical oscillations typically associated with successive
infusion cycles. This sawtooth pattern in total WBC counts, consistent with transient
post-infusion elevation, further supports cyclical immune modulation tied to the timing of
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assessment rather than cumulative hematologic suppression. In fact, the recurrent post-
infusion increases in WBCs mainly reflected a dynamic response within the innate immune
compartment, with monocytes and PMNs showing reproducible post-treatment expansions
followed, in turn, by progressive declines during the successive inter-infusion period.

Monocytes and PMNs showed a distinct kinetic profile compared with total lympho-
cyte counts. Both populations, in fact, showed early transient increases in post-treatment
values, reaching the baseline values successively, although with intermittent peaks corre-
sponding to specific infusion cycles. This pattern may reflect a systemic redistribution or
mobilization phenomenon of the innate immune compartment, according to a conceptual
analogy with plasmapheresis, where removal of circulating humoral components is fol-
lowed by redistribution, although the underlying mechanisms involved are clearly distinct.
However, the present data do not allow conclusions regarding functional activation.

Moreover, unlike NK cell frequencies, which remained substantially stable, monocyte
frequencies increased by approximately 9%, remaining elevated throughout the treatment
period. The evolution kinetics of monocytes and PMNSs, as well as the temporal dissociation
between their peaks, further suggests that these myeloid subsets may be regulated by
independent signaling pathways, at least partly different from those of adaptive immunity.

As regards the adaptive immune compartment, OCR treatment was associated with a
progressive increase in CD3+ and CD4+ T cell frequencies, sustained by an elevation of the
CD4+/CD8+ ratio, whereas CD8+ T cells showed comparatively smaller changes. Notably,
absolute cell counts showed cyclic infusion-related oscillations, while percentage values
more consistently reflected uniform, long-term lymphocyte dynamics. This observation
suggests the preferential use of relative frequencies for evaluating leukocyte changes during
OCR treatment.

Within the lymphocyte compartment, a key finding is the progressive and stable
increase in the CD4+/CD8+ ratio over time. This shift was driven primarily by a sustained
increase in CD4+ and CD3+ T cells, with CD8+ T cells as a minor contributor. Importantly,
this pattern is supported by a real, non-relative increase, since the absolute values also
increased. In fact, while CD3+ and CD4+ T cell frequencies increased by approximately
16% and 19%, respectively, the CD4+/CD8+ ratio increased by approximately 7% during
the follow-up period. Apart from these, no other changes were observed in T cell subsets
when comparing the pre-treatment period with the on-treatment one, with the notable
exception of CD19+ B cells.

Furthermore, pre-infusion CD19+ cell counts progressively declined over time, ap-
proaching zero by the fourth year of treatment, suggesting a sustained, cumulative B cell
depletion effect of OCR. Although this progressive pre-infusion depletion raises ques-
tions regarding the timing of peripheral B cell repopulation and its potential relevance
to individualized treatment, these implications require extensive prospective validation.
Furthermore, the absence of functional immune-cell phenotyping, paired CSF and bone
marrow indicators, and the lack of healthy and treatment-comparator groups limit the
clinical interpretation of these findings. The inclusion of these compartments would have
been invaluable, especially considering that the elements circulating in peripheral blood
represent no more than 2% of the total pool. However, to fill this gap, while also addressing
the related ethical constraints, a dedicated and independent study would be necessary.

While our cohort included only patients with RRMS, similar peripheral immune
cell changes have also been reported in patients with PPMS treated with ocrelizumab,
including B cell depletion and remodeling of the T cell compartment [11]. However,
given the different clinical and immunopathological features of PPMS, the immune cell
dynamics observed in our RRMS cohort cannot be directly extrapolated to progressive
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disease. Further longitudinal studies are needed to determine whether these patterns are
shared across different MS phenotypes.

The immune cell dynamics observed during OCR treatment should also be considered
in the context of other anti-CD20 therapies used in MS. Comparative studies have shown
that rituximab and OCR induce a similar B cell depletion, while OCR may have a greater im-
pact on CD4+ and CD8+ T cells [17]. Similarly, comparisons between OCR and ofatumumab
have reported differences in B and T cell subset dynamics, although several lymphocyte
populations, including CD4+ and NK cells, showed comparable changes [18,19]. Recent
longitudinal data on ublituximab have also demonstrated transient post-infusion changes
in CD3+, CD4+, CD8+ and NK cells, with persistent B cell depletion [20]. In particular, ubli-
tuximab is a glycoengineered anti-CD20 monoclonal antibody with enhanced affinity for
FcyRlIlla (CD16), which may contribute to distinct effects on Fc-mediated effector cells [21].
These findings suggest that, despite a class effect due to the shared CD20 target, different
anti-CD20 agents can induce partially distinct patterns of peripheral immune cell dynamics,
depending on the degree of humanization of the active molecule and its ability to activate
the CD20 target elimination process. The effectiveness of the drug comes from the first
factor; from the second, the selectivity of action. In fact, unlike complement-dependent
cytotoxicity (CDC), antibody-dependent cellular cytotoxicity (ADCC) is highly selective
and specific. It is already known that OCR and ublituximab are engineered to preferentially
mediate ADCC, while rituximab and ofatumumab preferentially mediate CDC, leading to
different cytotoxic profiles [22].

Inferential statistical analyses revealed several consistent correlations among immune
cell subsets. The use of percentage values revealed particularly informative in this context,
describing well the relative distribution occurring among leukocyte populations. Most
importantly, the major correlations among leukocyte subsets were consistently preserved
both after OCR initiation and throughout successive infusion cycles. In fact, the inverse cor-
relations between lymphocytes and PMNs were consistently observed across the different
assessment periods.

In particular, the strong inverse correlations in both pre- and post-infusion regimens
between CD3+ T cells and NK cells remained remarkably stable across all assessment
settings, despite OCR-induced changes in each relative compartment. Also, the inverse
correlation between CD3+ T cells and the CD4+/CD8+ ratio is consistent with both a
mathematical and biological relationship between these variables. CD4+ and CD8+ T cells
exhibited complementary and reciprocal correlation patterns with PMNs, NK cells, and the
CD4+/CD8+ ratio.

Conversely, monocytes showed less consistent correlations with the other leukocyte
subsets. Monocytes, in fact, are considered elements of the immune system, belonging half
to innate and half to adaptive immunity. Importantly, correlations between their pre- and
post-infusion regimens indicate a relationship between baseline and post-infusion profiles
of the other leukocyte elements.

Linear regression analyses further supported these observations, confirming a sta-
tistical relationship between pre- and post-infusion leukocyte profiles. Consistently, pre-
infusion levels of the major leukocytes were associated with their corresponding post-
infusion values, as confirmed by linear regression analyses.

These findings are in line with our previous observations highlighting the value of
predictive biomarkers for treatment response in MS [23-26].

Notably, the observed associations among leukocyte subpopulations describe relation-
ships underlying the peripheral immune-cell profile, although circulating lymphocytes
constitute less than 2% of the total pool [27]. Consequently, it is already known that the
described systemic CD4+/CD8+ shift is pathogenetically linked to systemic lupus erythe-
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matosus, sarcoidosis, and HIV infection [28-30], but underlying CD8+ dysregulation may
also be relevant for OCR-induced colitis or psoriasis [14,15].

Finally, our findings indicate that consistent individual patterns of peripheral immune-
cell measurements were observed despite treatment-induced changes, which may con-
tribute to the interindividual variability of immunological profiles.

4. Materials and Methods
4.1. Study Design

This observational, retrospective and prospective real-world study enrolled 51 consecutive
OCR-treated RRMS patients attending the Multiple Sclerosis Centre—Department of Neu-
rology at the “F. Ferrari” Hospital, Casarano, Lecce, Italy. Laboratory data were collected
both retrospectively and prospectively; patients were followed longitudinally up to the
eighth OCR treatment cycle (approximately four years of therapy). According to the drug
schedule, each enrolled subject underwent the drug infusion every six months, consisting
of 600 mg administered in 500 mL of 0.9% NaCl solution, except for the first cycle, which
was given in two 300 mg infusions in 250 mL of 0.9% NaCl solution, two weeks apart.
Patients were subjected to hematological analysis and flow cytometry on peripheral venous
blood samples, collected 15 days before (pre-INF) and after (post-INF) each drug infusion,
with an additional intermediate evaluation performed every three months. At each assess-
ment, WBCs, monocytes, PMNs, and lymphocyte subpopulation counts were recorded.
Flow cytometric analyses carried out quantitative assessment of CD3+ T lymphocytes,
CD3+CD4+ T helper lymphocytes, CD3+CD8+ T cytotoxic lymphocytes, CD3-CD19+ B
lymphocytes, CD3-CD56+ NK cells, and the CD4+/CD8+ ratio. Both relative proportions
(% of WBCs or lymphocytes) and absolute cell counts (cells/uL) were collected.

4.2. Study Population

Subjects” enrollment took place at the MS Centre of Casarano, Lecce (Italy), during
routine visits, according to predefined inclusion and exclusion criteria.

Inclusion criteria: OCR-treated RRMS patients from the start of therapy and fol-
lowed longitudinally thereafter up to the eighth drug infusion. All MS patients were
previously diagnosed according to the 2017 McDonald criteria [31] and examined in an
exacerbation-free period of at least three months. Written informed consent was obtained
from all participants.

Exclusion criteria: Any metabolic, cardiovascular, or immunological comorbidity
(atheromatosis or prior stroke, diabetes, arteritis, rheumatoid arthritis, or connective tissue
disorders), local or systemic transient inflammatory and septic conditions (bacterial infec-
tions, cold, cough, influenza, exanthematous diseases, viral infections, relevant trauma,
smoking, or obesity). Patients receiving any non-MS treatment within at least three months
prior to enrollment and those expressing abnormal cell count at the hemocromocytometric
examination before the study entry were also excluded. All these conditions are consid-
ered confounding factors, capable of altering the leukocyte count as a pro-inflammatory
systemic bias.

4.3. Cytofluorimetric Assessment

Whole venous blood samples were analyzed using Navios EX Flow Cytometer (Beck-
man Coulter, Ireland Inc., Lismeehan O’Callaghan’s Mills Co. Clare, Ireland) and Navios
EX software (version 2.2, Beckman Coulter). For flow cytometric analysis, 100 pL of
whole blood was incubated for 10 min at room temperature with specific combinations
of fluorochrome-conjugated monoclonal antibodies directed against the following cell-
surface antigens: CD45-FITC (fluorescein isothiocyanate), CD4-RD1 (phycoerythrin), CD8-
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ECD (phycoerythrin-Texas Red-X), CD3-PC5 (phycoerythrin-Cy5), CD56-RD1 (phyco-
erythrin) and CD19-ECD (phycoerythrin-Texas Red-X), using 10 puL of two CYTO-STAT
tetraCHROME panels for each tube (CD45-FITC/CD4-RD1/CDS8-ECD/CD3-PC5 and
CD45-FITC/CD56-RD1/CD19-ECD/CD3-PC5, both from Beckman Coulter).

Following red blood cell lysis with the COULTER IMMUNOPREP Reagent System
on a TQ-Prep Workstation (Beckman Coulter), samples were analyzed by flow cytometry,
using lymphocyte gates identified by their characteristic bright CD45 fluorescence and
low side-scatter (SSC) properties. Leukocyte differential counts, including monocytes
and granulocytes, were obtained from routine hematological analyses, while lymphocyte
subsets were characterized by flow cytometry. The results of the two methodologies were
combined to evaluate WBC subpopulation dynamics during ocrelizumab treatment.

4.4. Statistical Analyses

Statistical analysis was performed with GraphPad Prism 9 (GraphPad Software,
San Diego, CA, USA). Descriptive statistics are presented as mean =+ standard deviation
(SD). The RM one-way ANOVA, with the Geisser-Greenhouse correction, was applied to
analyze repeated measures, with a mixed-effects model used when missing values were
present. Sidak’s correction was applied for multiple comparisons, where appropriate.

Spearman’s rank test was used to determine non-parametric correlations among
immune-cell subsets and the correlation matrix for multiple variables analysis. Linear
regression analysis was performed to assess the relationships between variables. Statistical
significance was set at p < 0.05.

5. Conclusions

In conclusion, we demonstrate that OCR treatment induces dynamic changes in pe-
ripheral immune-cell populations over time, rather than selectively ablative or progressive
immunosuppression. Beyond the known CD20+ B cell depletion, our findings suggest that
OCR not only depletes memory B cells while sparing pre-B cells, as previously described in
the literature, but is also associated with changes in other immune-cell populations, pre-
dominantly involving adaptive immunity. Specifically, the OCR treatment was associated
with transient, infusion-related oscillations in immune cell counts, sustained depletion of
CD19+ B cells, and a stable increase in the CD4+/CD8+ ratio, driven predominantly by
CD4+ T cells. Several correlations between immune cell subsets were consistently observed
in both pre- and post-infusion assessments over the study period. This means that the
drug affects adaptive immunity, regardless of the assessment time-point, whether close to
or distant from the administration period. Furthermore, the strong associations between
baseline and post-OCR immune profiles suggest that pre-treatment immunophenotyping
may provide useful information on successive individual immune responses to therapy.

These findings improve characterization of associations among leukocyte subsets
during OCR treatment and highlight the potential value of longitudinal peripheral B cell
monitoring. Future studies, integrating clinical and paraclinical outcomes with longitudinal
immunophenotypic data, may help clarify the biological and prognostic implications of
leukocyte dynamics and determine whether peripheral B cell repopulation dynamics may
be useful in precision medicine. Although data on OCR discontinuation or modification
of its dosing regimen are currently lacking, our results demonstrate CD19+ repopulation
kinetics and immune dynamics related to DMT that may be relevant for future studies on
personalized long-term therapeutic management in MS.

Supplementary Materials: The following supporting information can be downloaded at: https:

/ /www.mdpi.com/article/10.3390/ph19101514/s1, Supplementary Data S1: Descriptive statistics
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