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Abstract

Background Rituximab, an anti-CD20 monoclonal anti-

body, is reported to increase the T-cell-dependent infection

risk. The current study was designed to investigate whether

rituximab interferes with T-cell activation.

Patients and methods Patients with non-Hodgkin lym-

phoma receiving 4–6 courses of 375 mg/m2 rituximab

underwent detailed assessment of T-cell activation pre- and

post-rituximab. A similar analysis assessed the in vitro

effect of rituximab on T-cell activation in response to

allogeneic dendritic cells (allo-DCs) and other stimuli.

Results Patients receiving rituximab exhibited a significant

decline in IL-2 and IFN-c levels in peripheral blood, most

prominent after repeated rituximab courses. Evaluation at

3 months after rituximab therapy showed restoration of

inflammatory cytokine production. Similarly, in vitro stim-

ulation of peripheral blood mononuclear cells in the presence

of rituximab resulted in a significant decrease in T-cell

activation markers, inflammatory cytokine production and

proliferative capacity. These effects were also observed

using B-cell-depleted T cells (CD3?CD25-CD19-) and

were accompanied with disappearance of CD3?CD20dim

T-cell population.

Conclusion Rituximab administration results in transient,

dose-dependent T-cell inactivation. This effect is obtained

even in B-cell absence and may increase the infection risk.

Keywords Non-Hodgkin lymphoma � Rituximab �
T-cell inactivation � Infections

Introduction

Rituximab, a chimeric anti-CD20 monoclonal antibody, is

extensively used for the treatment of B-cell non-Hodgkin

lymphomas (NHLs) and B-cell-associated autoimmune

disorders [1–3]. Patients with B-cell NHL receive multi-

ple doses of rituximab as a part of their induction therapy

and are prone to be given further courses for disease

prevention [4] or in case of relapse [5, 6]. Although rit-

uximab is known to be a typical anti-B-cell agent, recent

data suggest its administration to be associated with an

increased risk of T-cell-dependent infections [7], raising

the question of rituximab interference with T-cell acti-

vation and function [8]. Its impact on T-cell activation

may have significant consequences in the cancerous set-

ting, increasing the risk of treatment-related infections

and promoting tumor progression in the absence of potent

anti-tumor response.

The current study was designed to assess rituximab-

induced T-cell dysfunction in the cancerous setting focus-

ing on: (a) inflammatory cytokine production and T-cell

proliferation capacity dependent on the exposure to repe-

ated doses of rituximab; (b) in vitro effect of rituximab on

T-cell activation, measuring the T-cell response evoked by

allogeneic dendritic cells or other stimuli and (c) potential

direct effect of rituximab on T cells and the mechanisms

involved in rituximab inhibitory action.
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Design and methods

Patients and donors

The study protocol was approved by the institutional

review board (IRB) of the Rambam Health Care Campus

(approval number 104-09 RMB). Blood samples of 7

patients with newly diagnosed non-Hodgkin lymphoma

(NHL), scheduled for rituximab as a part of their routine

management, were drawn prior to and immediately after

the administration of the first dose of 375 mg/m2 rituximab

(n = 7). Additional blood samples were taken on days 7,

14 and at 4 months from therapy initiation in the patients

who received 4 doses of weekly 375 mg/m2 rituximab, as a

single agent (n = 3), with no further immunosuppressive

therapy, chemotherapy or steroids administered during the

study period.

The remaining 4 patients treated with rituximab-con-

taining chemo-immunotherapy were not included in the

follow-up analysis. Buffy coats from healthy donors,

serving for control studies, were purchased from the Tel

Hashomer Blood Bank, Tel-Aviv, Israel. PBMCs were

prepared by density centrifugation over Ficoll-Hypaque

gradients (Sigma-Aldrich, St. Louis, MO, USA). All

experiments were performed using blood obtained from

multiple healthy donors to ensure reliability of the results,

since the immunological profile and T-cell responses may

differ between subjects.

FACS and antibodies

Cells were stained with the following antibodies: CD25,

CD4, CD8, CD3, CD45, CD19, CD20, CD69 (BD Bio-

sciences, San Jose, CA, USA); GITR, CTLA-4 (R&D

systems, Minneapolis, Minnesota, USA); CD20 clone:

LT20 (Miltenyi Biotech); and CD154 (CD40L, eBio-

science). The antibodies were conjugated either to Fluo-

rescein isothiocyanate (FITC), R-phycoerythrin (PE),

Peridinin chlorophyll protein (PerCP) or Allophycocyanin

(APC). Dead cells were detected by the addition of 0.1 mg/

ml propidium iodide (PI) (Sigma-Aldrich). Apoptotic cells

were detected by Annexin V (APC) apoptosis detection kit

(eBioscience). Rituximab bound to T cells was detected

using PE-conjugated goat-anti-human secondary antibody

(Chemicon Temecula, CA, USA). Flow cytometry analysis

was performed using CellQuest software on a fluorescence-

activated cell sorting (FACS)—Calibur instrument (BD

Bioscience).

Intracellular cytokine staining

PBMCs were obtained from freshly isolated blood samples

of either NHL patients or healthy donors. PBMCs derived

from the latter group were activated with DCs. The cyto-

kine expression profile was assessed following activation

with 40 ng/ml Phorbol myristate acetate (PMA) and 1 lg/

ml ionomycin (Sigma-Aldrich). About 2 lM/ml of Golgi-

StopTM (BD Bioscience), a protein transport inhibitor

containing monensin, was added to the culture to inhibit

secretion and achieve accumulation of produced cytokines.

Cells were incubated at 37�C in a humidified atmosphere of

5% CO2 for 5 h, then stained with monoclonal antibodies

for surface markers and subsequently permeabilized with a

saponin-based reagent (cytofix-cytoperm kit, BD Biosci-

ence). The cells were further co-stained with PE-conju-

gated monoclonal antibodies for the appropriate cytokines

(IL-2, IFN-c, IL-12; BD Pharmigen). T-bet intracellular

expression was evaluated using Alexa Flour 647-conju-

gated anti-T-bet monoclonal antibody (eBioscience). Flow

cytometry analysis of gated T cells was performed.

Dendritic cell generation

For adherence, PBMCs were placed for 1 h in the RPMI

1640 medium, supplemented with 2 mmol/l L-glutamine,

50 U/ml penicillin, 50 mg/ml streptomycin (Beit Haemek,

Israel) and 1% AB plasma (Tel Hashomer Blood Bank,

Tel-Aviv, Israel) (DC medium) and were then washed to

remove non-adherent cells. Adherent cells were cultured in

DC medium supplemented with 1,000 U/ml granulocyte–

macrophage colony-stimulating factor (GM-CSF) and

500 U/ml interleukin-4 (IL-4) (R&D systems, Minneapo-

lis, Minnesota, USA) for 5 days. DC maturation was

induced by the addition of 1,000 U/ml tumor necrosis

factor a (TNF-a), 300 U/ml IL-1b, 1,000 U/ml IL-6 (R&D

systems) and 1 lg/ml prostaglandin E2 (PGE-2) (Sigma-

Aldrich) for a minimum of 48 h. The cells were then har-

vested and underwent flow cytometry analysis.

Purification of T-cell populations

CD25- PBMCs were generated by negative selection using

anti-CD25 magnetic beads (Miltenyi Biotech, Bergisch

Gladbach, Germany). Fresh CD4? and CD8? T cells were

isolated from PBMCs with magnetic beads (Miltenyi

Biotech) using the positive selection protocol.

To purify T cells, CD25- PBMCs were passed through

T-cell enrichment columns (R&D systems). Subsequently,

CD3?CD25-CD19- T cells were generated by CD19-

negative selection using anti-CD19 magnetic beads (Milt-

enyi Biotech).

To generate CD3?CD20? cells, enriched T cells were

stained with FITC anti-CD20 monoclonal antibodies.

Subsequently, the cells were incubated with anti-FITC

microBeads (Miltenyi Biotech) and underwent magnetic

separation using a positive selection protocol.
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To isolate the CD3?CD20- cells, a purified T-cell

population was stained with PE-conjugated CD3 and FITC-

conjugated CD20 antibodies. The cells were then isolated

using FACS Aria cell sorter (BD Bioscience). All gener-

ated cell fractions demonstrated[95% purity, as confirmed

by flow cytometry analysis.

Cell cultures

Tested cell populations were stimulated with mature irra-

diated DCs (7,500 Gy, Gammacell 300) in a mixed lym-

phocyte culture (MLC) at a 1:10 ratio. MLC was prepared

for up to 6 days with the addition of escalated (0.1–2 mg/

ml) concentrations of anti-CD20 clone 2H7 rituximab

(MabThera� Roche, Basel Switzerland) to the RPMI

medium supplemented with 10% AB plasma, 1% L-gluta-

mine and 1% penicillin and streptomycin (Biological

Industries, Israel) at 37�C/5% CO2. Alternatively, trast-

uzumab (Herceptin� Roche, Basel Switzerland), a mono-

clonal antibody, having the same IgG1 isotype as

rituximab, used in clinical practice for malignant diseases,

human normal immunoglobulin (Omrix Biopharmaceuti-

cals, Israel) or non-chimeric mouse anti-human CD20

monoclonal antibody (clone 2H7) were added to the culture

as controls.

T-cell proliferation assays

Proliferation was determined following co-culture of

5 9 104 T-cell tested populations with 1 9 104 irradiated

immature allogeneic DCs (7,500 Gy, Gammacell 300) or

20 ll/ml of pp65-CMV recombinant protein (Miltenyi

Biotech, Bergisch Gladbach, Germany).

For polyclonal stimulation, 96-well plates were coated

with anti-CD3 monoclonal antibodies (BioLegend);

1 9 105 cells/well were placed in the medium supple-

mented with anti-CD28 monoclonal antibodies (Bioleg-

end). Proliferation was assessed following 48 h of

incubation. Cells were pulsed for the last 3 h with tetra-

zolium salt (EZ4U kit, Biomedica, Austria). Color absor-

bance, proportional to proliferation rate, was measured at

450 nm, with 620 nm as a reference. Proliferation data are

presented as an optical density (OD) output. All experi-

ments were performed in triplicates.

Statistical analysis

Data from 2 tested groups were compared using the Stu-

dent’s t test. P values \0.05 were considered significant.

Results

Significant reduction in inflammatory T cells in patients

receiving rituximab

Potential impact of rituximab on T-cell function was

evaluated in seven patients with newly diagnosed B-cell

NHL. Patient characteristics are presented in Table 1. The

amount of CD20? B cells, measured against the total

number of white blood cells prior to and immediately

after completion of the first rituximab dose, declined from

10 to 0.01%, which was accompanied with a marked

decrease in CD3? T cells (from 67 to 48%, P = 0.04).

Furthermore, the T-cell capacity for inflammatory cyto-

kine production appeared to diminish in all patients

(n = 7) immediately following rituximab therapy, with a

significant reduction in both IFN-c and IL-2 expression

(from a mean of 22 to 4.2%, P \ 0.05 and from 26.5 to

11.5%, P \ 0.05, respectively) (Fig. 1a). Consecutive

administration of weekly rituximab to patients receiving it

as a single agent engendered an additional decline in IL-2

and IFN-c levels, achieving 1.4 and 3.5%, respectively.

However, this decline did not reach statistical significance

due to a small number of patients subjected to this

analysis (n = 3). A subsequent evaluation performed

4 months after the initiation of rituximab therapy revealed

entire restoration of inflammatory cytokine production by

T cells. Notably, none of the analyzed patients received

any chemotherapy/steroids or other immunosuppressive

treatment during the 4-month follow-up. Figure 1b shows

representative experiments measuring the levels of IL-2

and IFN-c prior to, during and after rituximab

administration.

Table 1 Patient characteristics

CHOP-R cyclophosphamide,

oncovin, doxorubicin,

prednisone, rituximab; DLBCL
diffused large cell B-cell

lymphoma; FL follicular

lymphoma; MALT-L mucosa-

associated lymphoid tissue

lymphoma; R rituximab

Patient no Gender Age NHL subtype Therapy

1 F 58 MALT-L R 9 4

2 F 88 MALT-L R 9 4

3 M 40 MALT-L R 9 4

4 F 58 FL CHOP-R

5 F 60 DLBCL CHOP-R

6 M 55 DLBCL CHOP-R

7 F 60 FL CHOP-R
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Rituximab induces a decrease in inflammatory T-cell

population in vitro

The current study investigated whether the decrease in

inflammatory T-cell population observed in patients receiving

rituximab reflected interference with T-cell activation. Natu-

rally occurring CD25? T cells (nTregs) were removed from

the culture prior to stimulation, aiming to avoid misinterpre-

tation of T-cell activation assessment, given that CD25 are

expressed by both nTregs and activated T cells. CD25- cells

stimulated with allo-DCs for 6 days yielded highly activated

T cells, which served as an optimal platform for the assess-

ment of rituximab inhibitory effect [9]. Addition of elevating

concentrations of rituximab (0.1–2.0 mg/ml) to the culture led

to an alteration in the percentage of CD25? T cells that

decreased in a dose-dependent fashion (n = 5, Fig. 2a).

Although this effect has been well demonstrated for lower

concentrations, equal to those reported in rituximab-treated

patients with NHL [10, 11], a super-therapeutic concentration

of 2 mg/ml has been used to accentuate the inhibitory effect of

rituximab on T cells.

In contrast, human IgG or trastuzumab (2 mg/ml) used

as a control instead of rituximab had no effect on the

expression of CD25 activation marker, suggesting this

phenomenon to be exclusively rituximab-mediated

(Fig. 2a). Similarly, expression of additional activation

markers by T cells significantly declined (GITR from 15.6

to 4.7%; CTLA-4 from 17 to 7%; CD40L from 23 to 10%;

and CD69 from 11 to 2%) at a rituximab concentration of

2 mg/ml (n = 5), but remained unchanged in the presence

of human IgG (Fig. 2b).

Rituximab attenuates T-cell activation in the absence

of B cells

The most immediate plausible explanation of the decrease

in T-cell activation following rituximab administration is

diminished antigen presentation, caused by the depletion of

the antigen presenting B cells. To establish whether rit-

uximab may directly affect T cells, B cells were depleted

from the CD25- PBMC fraction using CD19 magnetic

beads. Administration of rituximab to purified

CD3?CD25-CD19- population, stimulated with alloge-

neic DCs, resulted in a significant 2.5-fold decrease in

T-cell proliferation competence from 1.5 to 0.6 OD (n = 4;

P = 0.008). Rituximab induced a similar change in T-cell
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Fig. 1 Decrease in T-cell activation following rituximab administra-

tion in lymphoma patients. a Freshly isolated PBMCs from blood

samples of NHL patients were obtained prior to and immediately after

rituximab administration (?6 h). Following activation with PMA and

ionomycin in the presence of protein transport inhibitor (GolgiStopTM

containing monensin), the expression of intracellular cytokines was

examined. The line series plots represent IFN-c and IL-2 expression

in paired samples obtained from 7 patients before and after treatment.

Inflammatory cytokine production is shown out of gated CD3? T

cells. Expression rate of IFN-c and IL-2 before and after rituximab

administration was significantly different (P \ 0.05). b PBMCs were

obtained from blood samples of NHL patients treated with repeated

doses of rituximab, used as a single agent. Inflammatory cytokines

were measured on days 1 (prior to and immediately after rituximab), 7

14 and 120. The dot plots represent IFN-c and IL-2 expression in

T-cell population activated with PMA and ionomycin (one of the 3

evaluated patients)
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response to other stimulants, including pp65-CMV peptide

(n = 3; P = 0.01) or polyclonal stimulation with MAb

CD3/CD28 (n = 3; P = 0.002) (Fig. 3a). This rituximab-

related proliferation impairment was accompanied with a

significant reduction in T-cell activation markers observed

following stimulation with allogeneic DCs (CD25—28%

vs. 8%; GITR—20% vs. 2%; CTLA-4—18% vs. 1.5%; and

CD45RO—30% vs. 15%; n = 3).

Moreover, the rituximab effect on inflammatory cyto-

kines appeared to be suppressive in a dose-dependent

manner at drug concentrations of 0, 0.5, 1 and 2 mg/ml,

reflected by a decline in IFN-c (16, 7, 4 and 0.8%,

respectively) and IL-2 (10, 5, 2 and 0.5%, respectively),

which ultimately reached a 20-fold level at the maximum

tested dose of rituximab.

Likewise, the intercellular expression of the Th-1 tran-

scription factor T-bet, demonstrated to be up-regulated

following allo-stimulation of purified T cells, decreased

from 6 to 1% in the presence of rituximab. In contrast, the

levels of intracellular regulatory cytokine TGF-b increased

from 0.6 to 4.2% (Fig. 3b). Remarkably, reduction in

inflammatory cytokines and T-cell activation markers was

observed both in CD4 and CD8 populations, but was not

seen in the presence of trastuzumab or IgG (used instead of

rituximab) (Fig. 3c), excluding the existence of an Fc

receptor-mediated effect on the DCs.

CD20? T cells are targeted by rituximab

CD3?CD20? T cells, accounting for an average of 5%

(n = 5) of T cells in NHL patients, were no longer detected

after administration of the first therapeutic dose of ritux-

imab. This observation was also confirmed ex vivo, where

CD3?CD19-CD20dim T cells, accounting for 3% (n = 8)

of T-cell population in healthy volunteers, completely

disappeared following exposure to rituximab (Fig. 4a).

While incubation of isolated CD3?CD20? T cells with

2 mg/ml rituximab resulted in their absolute disappearance,

PI and Annexin V staining showed no change in the per-

centage of CD3?CD20- live cells following rituximab

administration, suggesting viability of this T-cell popula-

tion to be unaffected by rituximab. Mean levels calculated

for 4 experiments were 12.2% versus 13% (P = ns) and

9% versus 9.5% (P = ns), respectively (Fig. 4b).

Assuming that the rituximab-related disappearance of

CD3? CD20? is at least partly responsible for the observed

decrease in T-cell activation, we investigated this cell

population. Indeed, the isolated cells challenged by PMA

and ionomycin exhibited high levels of inflammatory

cytokines, including IL-2 and IFN-c (Fig. 4c). However,

these cells did not express activation markers such as CD25

and CD69. Further evaluation for suppressive markers

FOXP3 and TGF-b was negative, while examination for

CD45RA, a naı̈ve T-cell marker, was positive (Fig. 4c).

CD20? T-cell disappearance together with significant

reduction in T-cell activation capacity raised the question

whether such a ‘‘minor’’ loss could bring about such a

remarkable impairment.

Based on the observation of dim expression of CD20,

we assumed that the CD20? T cells accounted for a greater

fraction of T cells than was actually detected. To assess this

hypothesis, sorted CD3?CD19-CD20- T cells, obtained

from healthy volunteers, were exposed to rituximab. Sub-

sequently, rituximab binding to T cells was detected using

PE-conjugated goat-anti-human secondary antibody.

Remarkably, over 40% of T cells were bound to the sec-

ondary anti-human antibody, as opposed to 8% T cells,

when using monoclonal human IgG as a control (Fig. 4d;
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Fig. 2 Decrease in T-cell activation markers following rituximab

addition. PBMCs underwent CD25 depletion, using immunomagnetic

beads. The CD252 fraction was stimulated for 6 days with irradiated

allogeneic mature DCs in a mixed lymphocyte culture (MLC),

resulting in generation of inducible CD25? T-cell population.

a Rituximab was added to the culture in increasing concentrations

(0.1–2 mg/ml). CD25? T cells were detected with PE-conjugated

CD25 monoclonal antibodies following 6 days of culture. The results

are presented as a mean percent (±SD, n = 5) of CD25? T cells out

of the total number of gated lymphocytes. For negative control, the

cells were incubated in parallel with trastuzumab or human IgG in the

concentration of 2 mg/ml. b Activation markers were detected in the

presence of rituximab or human IgG (2 mg/ml) with PE-conjugated

anti-CD25 and anti-CD69, FITC-conjugated anti-CTLA-4, anti-GITR

and APC-conjugated anti-CD40L monoclonal antibodies. The bar
graphs represent mean expression of activation markers in the culture.

The difference in the expression of CD25, GITR, CTLA-4 CD69 and

CD40L following addition of rituximab versus IgG was statistically

significant (P \ 0.05, n = 5)
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n = 4). Notably, the administration of rituximab to the

CD3?CD20- fraction was accompanied with a consider-

able decrease in inflammatory cytokine production. IFN-c
expression diminished from a mean of 20.6 to 2.0%, and

IL-2 declined from 29.3 to 2.1% (n = 3).

Discussion

Recent studies report an increased risk of T-cell-dependent

infection in NHL patients treated with rituximab, especially in

those who receive multiple doses of the drug [12–16]. In this

vein, Pneumocystis carini pneumonia (PCP), a typical T-cell-

dependent infection, rarely reported in patients receiving a

‘‘21-day interval rituximab-containing regimen,’’ is relatively

common in patients receiving this therapy every 14 days [17–

19]. A recent study, designed to evaluate clinical significance

of sustained high blood levels of rituximab in NHL patients,

was preemptively discontinued due to an unexpectedly high

mortality caused by T-cell-related infections (3/20) [11, 16–

19]. Extensive administration of rituximab has also been

reported to elevate the risk for CD4-dependent JC-mediated

progressive multifocal leukoencephalopathy (PML) [12, 20]

and hepatitis B reactivation [21].

Underlying mechanisms of the increased incidence of

T-cell-dependent infections in patients receiving rituximab

have not been elucidated. According to our data, lymphoma

patients treated with rituximab experienced an immediate

decline in T-cell activation capacity, shown by reduced IFN-

c and IL-2 secretion. The administration of repeated ritux-

imab courses resulted in a further cytokine reduction, which

is likely to account for the increased risk of T-cell-mediated

infections observed in the ‘‘dose-dense rituximab study’’

using multiple, short interval doses of the drug [11].
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Fig. 3 Rituximab attenuates T-cell activation in the absence of B

cells. CD3?CD25-CD19- T cells were stimulated for 6 days with

irradiated allogeneic mature DCs, in the presence or absence of 2 mg/

ml rituximab. Subsequently, the cells were incubated with PMA,

ionomycin and in the presence of protein transport inhibitor

(GolgiStopTM) for 5 h. a In addition to allogeneic DCs, T cells were

stimulated with either CD3/CD28 monoclonal antibodies or pp65-

CMV recombinant protein. The mean (±SD) proliferation rate is

presented as an optical density (OD) output of 3 independent

experiments performed using the tetrazolium salt proliferation assay.

Each condition was performed in triplicate. Proliferation rate of T

cells following rituximab addition was significantly different

(P \ 0.05). Non-stimulated cells were evaluated as a negative

control. b Cells were stained for the inflammatory cytokine expres-

sion with PE anti-IL-2, anti-IFN-c or anti-IL-12. Cells were

additionally stained with Alexa Flour 647 antibody for the transcrip-

tional factor T-bet or for the regulatory cytokine with PE anti-TGF-b.

The bar graphs represent mean expression of 5 similar independent

experiments. The expression rate with and without rituximab addition

was significantly different (P \ 0.05). c The dot plots represent IFN-c
and IL-2 expression in CD4? and CD8? T-cell populations in the

presence or absence of 2 mg/ml rituximab, trastuzumab or IgG

(n = 3)
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Rituximab blood levels, measured in patients treated

with a less intensified, biweekly R-CHOP protocol,

approached 0.57 mg/ml [10].

Our in vitro study has demonstrated similar concentra-

tions (0.5 mg/ml) to induce T-cell functional impairment,

reflected by a twofold decrease in inflammatory cytokines

production. This inhibitory effect appeared to be dose

dependent even for lower rituximab concentrations of

about 0.1 mg/ml.

Consequences of this phenomenon in the cancerous

setting, where a potent T-cell response is required to pre-

vent treatment-related infections and tumor progression,

may be critical. However, in our trial, cessation of ritux-

imab therapy resulted in restoration of T-cell activation

capacity in less than half a year, which is compatible with

clinical reports, describing a declining risk for T-cell-

dependent infections within 5 months after the end of

therapy [4, 7].

According to our in vitro study, the induced reduction

in T-cell function is likely to be related to the interruption

in T-cell activation capacity. Addition of rituximab to T

cells co-cultured with allogeneic DCs, a setting providing

remarkable T-cell activation, led to an attenuated

response, indicated by decreased inflammatory cytokine

production, proliferation capacity and expression of T-cell

activation markers. In patients receiving rituximab, low

pretreatment levels of these markers on inactivated T cells

could explain the absence of further reduction in their

expression.

Previous studies, reporting an in vivo decrease in

inflammatory cytokine production in patients receiving

rituximab for autoimmune disorders [8, 22], suggested this

phenomenon to be mediated through induced B-cell

depletion [7, 23]. Physical absence of B cells deprives T

cells of antigen presentation and can potentially result in

decreased T-cell activation [23–25].
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Fig. 4 Characterization of CD3?CD20? cell population. a PBMCs

from blood samples of NHL patients were obtained prior to and

immediately after rituximab administration (?6 h) (upper row).

PBMCs from blood samples of various healthy donors were obtained

and incubated in vitro with and without addition of 2 mg/ml

rituximab for 30 min (lower row). CD3?CD20? T-cell populations

and CD3-CD20? B-cell populations were identified using APC-

conjugated CD3 and FITC-conjugated CD20 monoclonal antibodies

(dot plot represents one of the 5 independent experiments). b Immu-

nomagnetic CD25, CD19-depleted PBMCs were incubated with or

without 2 mg/ml rituximab for 6 days. Cells were double labeled with

PI and either FITC-conjugated anti-CD3 antibody (upper row) or

APC-conjugated Annexin V (lower row) (dot plot represents one of

the 4 independent experiments). c CD3?CD20? T cells were enriched

using magnetic bead isolation. Intracellular expression of IFN-c, IL-2,

TGF-b and FoxP3 was detected using monoclonal antibodies. The

cells underwent flow cytometric analysis using PE-conjugated anti-

CD3, CD25, CD69 and CD45RA monoclonal antibodies. The

expression is presented out of gated CD20? T cells (representative

of 3 independent experiments). d Purified CD3?CD19-CD20- T

cells isolated by FACS sorting from PBMCs of healthy volunteers

were incubated with 2 mg/ml rituximab or human IgG for 6 days.

Subsequently, rituximab binding to T cells was detected using PE-

conjugated goat-anti-human secondary antibody. Percent of goat-anti-

human antibodies bound to T cells cultured with rituximab and human

IgG was significantly different (n = 4, P \ 0.5)
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However, rituximab appears to have an additional,

non-B-cell-dependent effect on the T-cell function. Inter-

estingly, addition of rituximab to the B-cell-depleted pop-

ulation led to a significant reduction in activation of both

CD4? and CD8? T cells. T-cell response to various stim-

uli, including allogeneic DCs, CMV peptide or polyclonal

stimulation with MAb CD3/CD28, was attenuated in the

presence of rituximab, indicating extensive rituximab-

induced T-cell inactivation. Data supporting these findings

have been previously reported by studies using the EAE

mice model, where secondary T-cell proliferative respon-

ses were shown to be significantly diminished following

rituximab treatment [26]. However, the direct effect of

rituximab on T cells remains undetermined.

The significant decrease in T-cell function in the pres-

ence of rituximab demonstrated in our in vivo and ex vivo

experiments, even in the absence of B cells or DCs in the

co-culture, implies a potential direct effect of rituximab on

T cells.

A recent study by Wilk et al. [27] suggested that rit-

uximab can directly bind to CD3?CD20dim T cells. The

precise role of this ‘‘novel T-cell population,’’ accounting

for 3–5% of T cells in healthy volunteers [28] and up to

5.5% in our NHL patients, remains obscure, although these

cells have been reported to exhibit a marked inflammatory

profile [27]. The CD20 antigen plays a major part in B-cell

activation [29–31]; hence, it may also serve as an ‘‘acti-

vation key’’ for CD3?CD20dim inflammatory T cells.

Neutralization of this ‘‘activation key’’ by rituximab may

result in a loss of activation capacity of these cells.

According to our findings, rituximab administration both

in vitro and in NHL patients led to an immediate disap-

pearance of CD3?CD20dim T cells, accompanied with a

decline in T-cell activation. The results of our study have

revealed an apparent contradiction between the paucity of

CD20 expression on T cells and the high level of T-cell

inactivation obtained following rituximab administration.

We therefore examined the hypothesis that rituximab may

actually bind to a greater number of T cells than demon-

strated to be CD20 positive, considering the dim expression

of CD20 on T cells, which might interfere with antigen

detection. Really, exposure of CD3?CD20- T cells to rit-

uximab resulted in binding of over 40% of T cells to the

secondary anti-human antibody, suggesting additional

binding of rituximab to CD20- T cells. This hypothesis is

also supported by the fact that administration of repeated

rituximab doses resulted in a further decline in T-cell

activation, implying its binding to cells with a less exten-

sive expression of CD20. A similar dose-dependent effect

is known to occur in chronic lymphocytic leukemia (CLL),

a CD20dim malignant disorder, where high rituximab doses

are required to obtain maximal efficacy (2,000 mg/m2

compared with 375 mg/m2 in CD20high B-cell

malignancies) [32]. The absence of inhibitory T-cell effect

in the presence of high-dose human IgG or trastuzumab

confirms the uniqueness of rituximab impact on T-cell

activation. Nevertheless, one cannot exclude non-specific

binding of rituximab to T cells achieved in this high anti-

body concentration. Notably, it has been recently suggested

that unique regions within IgG may contribute to direct

effects of therapeutic monoclonal antibodies delivered at

suprasaturating concentrations, found in plasma following

infusion of therapeutic doses of rituximab [33].

Findings of the current study demonstrate that rituximab

interferes with T-cell activation both by depriving B-cell

APCs and through its direct effect on T cells. This results

in a transient, but significant decrease in T-cell inflamma-

tory and proliferation capacity in response to ‘‘foreign’’

stimuli. Further studies exploring the mechanisms of rit-

uximab-induced T-cell inactivation are warranted.
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