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Tumor necrosis factor a (TNFa) drives the pathophysiology of human autoimmune dis-
eases and consequently, neutralizing antibodies (Abs) or Ab-derived molecules directed
against TNFa are essential therapeutics. As treatment with several TNFa blockers has
been reported to entail a higher risk of infectious diseases such as leishmaniasis, we
established an in vitro model based on Leishmania-infected human macrophages,
co-cultured with autologous T-cells, for the analysis and comparison of anti-TNFa ther-
apeutics. We demonstrate that neutralization of soluble TNFa (STNFa) by the anti-TNFa
Abs Humira®, Remicade®, and its biosimilar Remsima® negatively affects infection as
treatment with these agents significantly reduces Leishmania-induced T-cell proliferation
and increases the number of infected macrophages. By contrast, we show that blockade
of sTNFa by Cimzia® does not affect T-cell proliferation and infection rates. Moreover,
compared to Remicade®, treatment with Cimzia® does not impair the expression of
cytolytic effector proteins in proliferating T-cells. Our data demonstrate that Cimzia®
supports parasite control through its conjugated polyethylene glycol (PEG) moiety
as PEGylation of Remicade® improves the clearance of intracellular Leishmania. This
effect can be linked to complement activation, with levels of complement component
Cba being increased upon treatment with Cimzia® or a PEGylated form of Remicade®.
Taken together, we provide an in vitro model of human leishmaniasis that allows direct
comparison of different anti-TNFa agents. Our results enhance the understanding of the
efficacy and adverse effects of TNFa blockers and they contribute to evaluate anti-TNFa
therapy for patients living in countries with a high prevalence of leishmaniasis.

Keywords: tumor necrosis factor o, remicade®, cimzia®, polyethylene glycol, leishmaniasis, complement, human
macrophages, T-cells

INTRODUCTION

Tumor necrosis factor « (TNFa) is a pleiotropic, pro-inflammatory cytokine that mediates a
diverse range of biologic effects. It is expressed as membrane-integrated form (mTNFa) or, upon
cleavage by TNFa-converting enzyme, as soluble TNFa (sTNFa). TNFa signals through two
receptors, membrane TNF receptor 1 (mTNFR1) and 2 (mTNFR2), which differ in structure,
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expression pattern, and activated downstream signaling path-
ways (1). Numerous studies implicate excessive levels of TNFa
to contribute to the pathophysiology of human autoimmune
diseases such as rheumatoid arthritis and inflammatory bowel
disease of which millions of people are affected worldwide
(1-3). Therapeutic antibodies (Abs), Ab fragments, and fusion
proteins directed against TNFa have revolutionized treatment of
TNFa-associated autoimmune diseases and are currently used
with great success (1, 4). Remicade®, a chimeric murine-human
IgG1 Ab, was the first anti-TNFa Ab approved by the European
Medicines Agency (EMA) in 1999. Further TNFa blockers
like the fully human Abs Humira® and Simponi®, the TNFR2-
fragment crystallizable (Fc) fusion protein Enbrel® and the
polyethylene glycol (PEG)-conjugated antigen-binding (Fab)
fragment-derived inhibitor Cimzia® followed in subsequent
years (5). Patent expiration promoted the development of copy
versions (biosimilars) by competitor companies. Accordingly,
several biosimilars received marketing authorization in recent
years or are currently under clinical investigation (4, 5).
Although directed against the same target, TNFa blockers can
differ in their mode of action as they are large and complex
molecules with diverse structures (4, 6).

Besides its role in human autoimmune diseases, TNFa plays
an important role in the control of infectious diseases such as
tuberculosis or leishmaniasis (1, 7, 8). Leishmaniasis, which
is endemic in tropical and subtropical regions, is caused by
infection with the protozoan parasite Leishmania. Disease mani-
festations include cutaneous, mucosal, and visceral syndromes,
depending on the parasite species and the host’s immune response
(9, 10). More than one million new cases are estimated to occur
annually with increased spreading of parasites to previously non-
endemic countries (10, 11). Mouse models demonstrated disease
promotion in Leishmania-infected mice upon neutralization of
TNFa by Abs (12). Likewise, studies in humans revealed a cor-
relation of Leishmania infection with TNFa. Increased expression
of TNFa was found in cutaneous and mucosal lesions and TNFa«
levels were highly elevated in sera of patients during active dis-
ease. However, concentrations declined upon effective therapy of
leishmaniasis (13-15). Immunosuppressive anti-TNFa therapy in
humans is linked to a higher susceptibility for an infection with
Leishmania or a reactivation of latent leishmaniasis (16-23),
including reports that suggest differences in parasite control
depending on the type of TNFa blocker applied (24-26). Similar
to leishmaniasis, a higher incidence of tuberculosis has been
described after anti-TNFa therapy. Clinical reports indicate that
tuberculosis infections occur more frequently in patients treated
with Remicade® or Humira® (27).

In the present study, we tested the hypothesis that therapeu-
tic TNFa inhibitors, varying in their amino acid sequence or
structure, differently influence Leishmania major (Lm) infection
control. Focusing on human macrophages as Lm parasite reser-
voir and activated autologous T-cells as effector cells to combat
parasites (9), we established an in vitro model representative
for cutaneous leishmaniasis (10). We compared four different
TNFa blockers by analyzing their effects on Lm-induced T-cell
proliferation and Lm infection rates in macrophages. Our
results show that blockade of sSTNFa by Remicade®, Remsima®,

and Humira® strongly reduces activation of T-cells and con-
sequently increases the number of Lm-infected macrophages.
Neutralization of sTNFa by Cimzia® does not interfere with
T-cell effector function and Lm infection rates. We can link
these diverging effects of Cimzia® to PEG-induced activation
of the complement system, which presumably contributes to
maintain control of Leishmania parasites. Thus, we suggest that
anti-TNFa therapy using Cimzia® is potentially beneficial for
patients living in high-risk areas of leishmaniasis.

MATERIALS AND METHODS

Parasites

Wild-type or transgenic Lm promastigotes (MHOM/IL/81/
FEBNI) expressing either a red (DsRed) or green fluorescent
(EGEFP) protein were obtained and cultured as described (28).
For the infection of human macrophages, parasites of the sta-
tionary growth phase (6-8 days of cultivation) were used. These
contain a higher proportion of apoptotic cells compared to para-
sites of the logarithmic growth phase (29).

Cell Purification

Human peripheral blood mononuclear cells were isolated from
buffy coats (DRK-Blutspendedienst Hessen GmbH, 506838) of
healthy donors as described (30). If not indicated otherwise,
monocytes were enriched by plastic adherence. Monocytes were
cultivated (37°C, 5% CO,) in complete medium (CM) consist-
ing of RPMI 1640 (Biowest) supplemented with 10% fetal calf
serum (FCS, Sigma Aldrich), 50 uM p-mercaptoethanol (Sigma
Aldrich), 2 mM L-glutamine, 100 U/mL penicillin, 100 pg/mL
streptomycin, and 10 mM HEPES (N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid) (all from Biochrom AG). For the
generation of human monocyte-derived macrophages (hMDMs),
10 ng/mL recombinant human granulocyte-macrophage colony-
stimulating factor (Bayer) were added for 5-7 days of cultiva-
tion. Separated monocytes were obtained by magnetic activated
cell sorting (MACS) and CD14* selection (CD14 MicroBeads,
Miltenyi Biotec). Autologous peripheral blood lymphocytes
(PBLs), which comprise 70-90% T-cells, were collected and
stored frozen in CM containing 30% FCS and 10% dimethyl
sulfoxide (DMSO, Sigma Aldrich). Untouched CD3* or naive
CD3* T-cells were obtained using negative selection (Pan T-Cell
Isolation Kit or Naive Pan T-Cell Isolation Kit, Miltenyi Biotec)
after thawing of PBLs.

Infection of Primary Human Macrophages

and Co-Incubation with T-Cells

After 5-7 days of cultivation, adherent h(MDMs were detached,
counted (CASY) and 0.6 x 10° hMDMs were seeded in 1.5 mL
microcentrifuge tubes. For infection, 12 X 10° Lm were added
with a multiplicity of infection (MOI) = 20 and hMDMs were
incubated at 37°C, 5% CO,. After 3 h, extracellular parasites
were removed by washing hMDMs twice with CM. 24 h post-
infection, hMDMs were distributed (0.1 X 10° cells/tube) to
enable longer cultivation. If necessary, Fcy receptors (FcyRs)
on hMDMs were saturated by pre-incubation (1 h, 37°C) with
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20 pg/mL Polyglobin® (Bayer) prior to distribution. Then, stored
PBLs were thawed, counted (CASY), separated by MACS if
necessary and labeled with CFSE [5-(and 6)-Carboxyfluorescein
diacetate succinimidyl ester, Sigma] as described previously (30).
Given that the hMDM culture still contains 1-4% lymphocytes,
hMDMs and the remaining lymphocytes were also stained with
CFSE prior to seeding. Excess CFSE was removed by washing
cells with CM. For the PBL-based T-cell assay, 0.5 x 10° PBLs
and for the purified T-cell-based T-cell assay, 0.5 X 10° separated
T-cells were added to distributed hMDMs. Cells were incubated
and analyzed either 24 h post-infection (hMDMs) or 7 days
post-infection (hAMDM/PBL co-culture).

Neutralization of Cytokines

Therapeutic anti-TNFa agents were used in equimolar amounts
and according to their ability to neutralize sSTNFa as proven by
an ELISA. Micrograms of TNFa inhibitors were calculated from
the given molecular weights. Cells were treated with 20 pg/mL
Remicade® (infliximab, approximately 149 kDa, Janssen Biologics),
20 ug/mL Remsima® (infliximab, approximately 149 kDa,
Celltrion Healthcare), 20 pg/mL Humira® (adalimumab, approxi-
mately 148 kDa, AbbVie), or 13 pg/mL Cimzia® (certolizumab
pegol, approximately 91 kDa including 2 X 20 kDa PEG, UCB).
In contrast to the other TNFa blockers used here, Cimzia® con-
tains only one binding site for TNFa. We therefore determined
the TNFa-neutralizing capacity of Cimzia® by titration (Figure
S1 in Supplementary Material). TNFa inhibitors were added to
each microcentrifuge tube immediately after distribution of
hMDM:s and the addition of PBLs or T-cells.

PEGylation

Primary amino (—NH,) groups of Remicade® were PEGylated
with 1.2 kDa MS-PEG (Methyl-PEG,,-N-Hydroxysuccinimid-
Ester, Thermo Scientific). Remicade® was incubated with 20-fold
molar excess of MS-PEG for 30 min at room temperature (RT)
as recommended by the manufacturer. Equimolar amounts of
PEG-Remicade® and Remicade® were then added to infected
hMDMs as indicated above.

Diff-Quik® Staining

For microscopic analysis (Zeiss AxioPhot), at least 10° hMDMs
were sedimented on glass slides (Tharmac) by centrifugation
at 75 g for 5 min. Afterward, slides were air-dried, fixed with
methanol (2 min, RT), and stained (2 min, RT) using Diff-Quik®
solution I and IT (Medion Diagnostics). Excess dye was washed
away with water.

Flow Cytometry

0.15-0.4 x 10° cells were seeded in 96-well plates (Sarstedt).
Samples were incubated for 5-10 min with 5 pg/mL pro-
pidium iodide (PI, Sigma Aldrich) before detecting dead cells
(PI*). Proliferation of viable T-cells was determined by the
reduction of CFSE (CFSE™) and Lm infection rates in viable
hMDMs were assessed by DsRed- or EGFP-expressing Lm as
previously described (30). For surface expression analysis,
cells were stained with fluorescent-labeled Abs (Table S1 in

Supplementary Material) or corresponding isotype controls
as defined by the manufacturer. Intracellular analysis required
fixation with 4% paraformaldehyde (Sigma Aldrich) for 10 min
on ice and permeabilization with 0.5% saponin (Sigma Aldrich)
prior to staining. Results were recorded using a BD LSR II
SORP flow cytometer (BD Bioscience) and analyzed by Flow]Jo
software (Tree Star). Gating strategies are depicted in Figure S2
in Supplementary Material. The mean fluorescence intensity
(MFI) of specific markers was normalized to the respective iso-
type control by division and is presented as relative fluorescence
intensity (RFI). For T-cell proliferation and Lm infection rates,
values of the respective controls were subtracted for each donor
and condition, respectively, which allowed donor-specific evalu-
ation of different treatments.

ELISA

24 h or 7 days after infection, cell culture supernatants were
collected and frozen. They were thawed and analyzed for the
presence of human sTNFo using R&D DuoSet ELISA according
to the manufacturer’s protocol. Human C5a levels were examined
with LEGEND MAX C5a ELISA Kit (BioLegend) according to
the manufacturer’s instructions (exception: provide 20 uL Buffer
B + 80 pL sample/standard and incubate at 4°C over night).
Optical densities were measured with TECAN® Infinite F50®
microplate reader and cytokine concentrations were determined
by comparing optical densities to the respective standard curve
(Microsoft® Excel 2010).

Statistical Analysis

All data are shown as mean + SD. The number of independent
experiments and donors (1) is depicted in each figure. Statistical
significance was determined by the Wilcoxon signed-rank test
(two-tailed, paired) using Graph-Pad Prism. “Not significant” is
indicated as ns. A value of *P < 0.05; **P < 0.01; **P < 0.001; and
PP < 0.0001 was considered statistically significant.

RESULTS

Macrophages and T-Cells Differentially
Express mTNFR1, mTNFR2, and TNFux

To evaluate the relevance of TNFa-mediated signaling in our
in vitro model, we assessed TNFa and mTNFR expression
by primary hMDMs (host cells) and co-cultured autologous
T-cells (effector cells) after infection of macrophages with L.
Infection was confirmed by flow cytometry (Figure 1A) as well
as by Diff-Quik® stained cytospins (Figure 1B). Thereafter,
we measured the amount of secreted sSTNFa in supernatants
of hMDMs by ELISA. In line with previous reports (30-33),
release of STNFo by hMDMs after Lm infection was significantly
increased (234 + 235 vs 68 + 59 pg/mL) (Figure 1C). Cell
surface expression of mTNFR1, mTNFR2, and mTNFa on
hMDMs was determined as RFI using flow cytometry. Gating
strategies for flow cytometric analyses are depicted in Figure S2
in Supplementary Material. In order to investigate the influence
of Lm infection on mTNFR and mTNFa surface expression
on T-cells, we co-incubated infected or non-infected hMDMs
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signed-rank test was performed to evaluate statistical significance. *P < 0.05.

Surface expression on T-cells

FIGURE 1 | Expression of tumor necrosis factor a (TNFa) and mTNFRs by human monocyte-derived macrophages (nMDMs) or T-cells after Leishmania major (Lm)
infection. Macrophages were infected with fluorescent Lm (multiplicity of infection = 20) and analyzed after 24 h. (A) Infection rates in hMDMs were determined by
flow cytometry in comparison to non-infected hMDMs. (B) Infected and non-infected hMDMs were stained with Diff-Quik® and representative micrographs are
depicted. Black arrows indicate Lm parasites. (C) The concentration of soluble TNFa (sTNFa) in supernatants of hMDMs in the presence or absence of Lm was
measured by ELISA 24 h post-infection. (D) Cell surface expression of mMTNFR1, mTNFR2, or mTNFa on hMDMs was analyzed by flow cytometry 24 h after
infection. (E) Peripheral blood lymphocytes were co-incubated with infected/non-infected hMDMs and cells were measured by flow cytometry after 7 days, with
T-cells being defined by anti-CD3 Ab co-staining. (D,E) Relative fluorescence intensity was measured as the ratio of the mean fluorescence intensity (MFI) of specific
markers to the MFI of isotype controls. Histograms show expression on hMDMs or T-cells in the non-infected (gray line) or infected culture (black line) in comparison
to the isotype controls (black/gray solid). Data are presented as mean + SD (n > 7) and were obtained from at least two independent experiments. The Wilcoxon

with autologous PBLs comprising 70-90% T-cells (Figure S3 in
Supplementary Material). We detected that hMDMs and T-cells
more frequently expressed mTNFR2 than mTNFR1 on their cell
surface (Figures 1D,E). Lm infection slightly reduced mTNFR2
expression on hMDMs (mean RFI: 11 + 7 vs 30 + 19), whereas
mTNFR2 levels were significantly increased on T-cells (mean
RFI: 13 + 5 vs 10 + 4) after co-incubation with Lm-infected
hMDMs. Surface expression of mINFa was not detected on
hMDMs and T-cells, neither in the absence nor in the presence
of an infection with Lm (Figures 1D,E).

CD4+ T-Cell Proliferation Reduces the

Number of Lm-Infected Macrophages

Parasite control in human cutaneous leishmaniasis is associated
with Leishmania-induced T-cell activation which, in turn, stimu-
lates macrophages to kill intracellular Leishmania (30, 34-36).

We studied the impact of T-cells on Lm-infected hMDM:s by flow
cytometry analysis 6 days after hAMDM/PBL co-culture. Previous
studies in our lab revealed this time frame to be required for
multiple T-cell divisions and for determining changes in T-cell
proliferation (30). A significant induction of T-cell proliferation
(10 + 7%) in response to Lm infection of hMDMs compared to
non-infected controls (3 + 2%) could be observed (Figure 2A,
middle panel). As a consequence, the percentage of Lm-infected
hMDMs in the presence of PBLs (44 + 13%) was significantly
reduced compared to their absence (68 + 14%) (Figure 2B,
middle panel). This revealed a mean increase of T-cell prolifera-
tion of +8 + 6% and a reduction of the infection rate of —24 +22%
in PBL co-cultures when comparing corresponding donor values
(Figures 2A,B, lower panel). Additional phenotypic charac-
terization of CD3* T-cells revealed that Lm-induced proliferating
(CFSE™) T-cells expressed CD4 (14 + 13% of total T-cell popula-
tion). Only 2 & 1% of total T-cells expressed CD8 and proliferated
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FIGURE 2 | Proliferation of CD4* T-cells reduces the number of Leishmania major (Lm)-infected macrophages. (A,B) Lm-infected/non-infected human monocyte-
derived macrophages (hMDMs) were incubated in the absence or presence of CFSE-labeled autologous peripheral blood lymphocytes (PBLs). 7 days post-

, +PBLs @) were measured by flow cytometry with T-cells being defined by anti-CD3
Ab co-staining. T-cell proliferation (A) and infection rates (B) are illustrated as representative histograms (upper panels), raw data (middle panels), or as differences
by subtracting the respective controls from each corresponding donor (lower panels). (C) CD4/CD8 subset distribution was determined for proliferating (CFSE"")
and non-proliferating (CFSE"") CD3* T-cells in Lm-infected/non-infected hAMDM/PBL co-cultures after 7 days. At least three independent experiments were
conducted of which data are presented as mean + SD (n > 8). To determine statistical significance, the Wilcoxon signed-rank test was performed. *P < 0.05.

infection, T-cell proliferation (~Lm « , +Lm @) and infection rates (—PBLs

upon Lm infection. The percentage of non-proliferating (CFSE™e")
CD4* T-cells in the Lm-infected co-culture was 56 + 10% and the
proportion of CFSE"s" CD8* T-cells was 28 + 9% (Figure 2C).

Anti-TNFa Therapeutics Similarly
Neutralize sTNFa but Differentially

Affect Leishmania Infection Control

To determine the impact of different TNFa blockers on Leishmania
infection, we compared the chimeric Ab Remicade®, its biosimilar
Remsima®, the fully human Ab Humira®, and the PEGylated Fab-
derived inhibitor Cimzia® (Figure 3A). First, anti-TNFa agents
were tested by ELISA for their ability to neutralize sTNFa in
the hMDM/PBL co-culture. Lm infection-induced sTNFa
(1,053 + 650 vs 216 + 111 pg/mL) was effectively neutralized
by all TNFa inhibitors and little or no sTNFoa was measurable
in cell culture supernatants (Figure 3B). We then determined
proliferation of T-cells and the percentage of infected hMDMs by
flow cytometry. Lm-induced T-cell proliferation was significantly
reduced in the presence of Remicade® (—4 + 3%), Remsima®
(=3 +3%), and Humira® (—3 + 3%) (Figure 3C). Concomitantly,
the percentage of Lm-infected hMDMs increased significantly
(Remicade®: +14 + 7%, Remsima® +14 + 9%, Humira®:
+11 + 12%) (Figure 3D). Remarkably, blockade of sTNFa by
Cimzia® did not reduce but significantly increase T-cell prolifera-
tion (4+6 + 6%) compared to non-treated controls (Figure 3C).
Moreover, Lm infection rates in hMDMs did not change signifi-
cantly (+5 + 9%) after treatment with Cimzia® (Figure 3D). Of
note, we also measured Lm infection rates in the absence of PBLs,
which, however, showed no significant differences after treatment
with either of the four TNFa blockers compared to non-treated
controls (Figure S4 in Supplementary Material). To assess whether
diverging effects of Cimzia® in the hMDM/PBL co-culture were
exclusively hMDM- and T-cell-dependent, we examined the
effects of TNFa blockers on Lm infection using MACS-purified
CD14" hMDMs and CD3* T-cells. Focusing on Cimzia® and
Remicade®, we confirmed the previously obtained findings
that, in contrast to Remicade®, Cimzia® does not dampen T-cell
proliferation (Figures 4A,B) and does not adversely influence Lm
infection rates (Figures 4C,D). Inconsistent with the PBL-based
T-cell assay, no increase in T-cell proliferation was observed after
treatment with Cimzia®.

Remicade® but Not Cimzia® Leads to
Downregulation of Cytolytic Proteins

in Proliferating T-Cells

Cytolytic proteins such as perforin, granulysin, and granzymes
are required for protective immunity against intracellular patho-
gens. They are expressed in effector T-cells and released upon

antigen stimulation (37). We quantified intracellular levels of
perforin, granulysin, granzyme A, and granzyme B in proliferat-
ing T-cells and assessed the effect of either Remicade® or Cimzia®
treatment by flow cytometry. Expression of perforin (+5 + 6%),
granulysin (+8 = 8%), granzyme A (+26 + 8%), and granzyme B
(+30 + 14%) was significantly upregulated in proliferating CD4*
T-cells in the Lm-infected co-culture compared to non-infected
controls (Figures 5A-D). This upregulation was largely reversed
after neutralization of sTNFa by Remicade®, with perforin and
granzymes being significantly reduced compared to non-treated
controls (perforin: —3 + 4%, granulysin: —5 + 7%, granzyme A:
—10 + 7%, and granzyme B: —19 + 13%) (Figures 5A-D). By con-
trast, neutralization of sTNFa by Cimzia® did not interfere with
the Lm-induced upregulation of perforin (+4 + 4%), granzyme A
(+7 = 6%), and granzyme B (+6 + 12%) (Figures 5A,C,D). Only
granulysin levels (—4 +4%) were lowered and comparable to those
measured after treatment with Remicade® (Figure 5B). Raw data
obtained for the expression of cytolytic molecules are depicted
in Figure S5 in Supplementary Material. In this assay, the overall
number of proliferating CD8* T-cells that expressed cytolytic
proteins was very low (<10%) and neutralization of sTNFa had
no impact on cytolytic protein expression in these cells (data not
shown). To assess whether treatment with Remicade® or Cimzia®
affected viability of hMDMs and T-cells, the percentage of dead
cells in the co-culture was determined with PI by flow cytometry.
Altogether, the mean of PI* T-cells and PI* hMDMs was low and
it ranged from 11 to 18% (Figure S6 in Supplementary Material).
Values were comparable in non-treated and Remicade®- or
Cimzia®-treated co-cultures, which demonstrates that sTNF«
blockade does not affect host and effector cell viability.

Differences Between Cimzia® and
Remicade® Are Independent of

Fc-FcyRs Interactions

In contrast to the Fab-derived drug Cimzia®, Remicade® is capa-
ble of binding to FcyRs via its Fc region (6). Signaling through
FcyRs can alter cell activation and consequently might influence
T-cell proliferation or Lm infection rates (6, 38). High expression
of the FcyRs CD16, CD32, and CD64 on Lm-infected hMDMs
was detected by flow cytometry (Figure 6A). To exclude that
Fc-FcyR interactions of Remicade® influenced T-cell prolifera-
tion or Lm infection rates, we saturated FcyRs on hMDMs by pre-
incubation with the IgG preparation Polyglobin® (39). Blockade
of FcyRs was confirmed by flow cytometry (Figure 6B). We found
that neutralization of sTNFa by Remicade® equally reduced
T-cell proliferation in the presence (—11 + 11%) or absence of
Polyglobin® (=12 + 11%) (Figure 6C). Likewise, Lm infection
rates increased in the presence of Remicade® with (+8 + 8%) or
without (+7 + 9%) FcyR blockade (Figure 6D). Pre-incubation
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with Polyglobin® devoid of sTNFa blockade showed no signifi-
cant impact on T-cell expansion (—3 + 6%) and the number of
infected hMDMs (+1 = 5%) in comparison with non-treated
controls (Figures 6C,D). Thus, effects mediated by Remicade®
do not depend on Fc-FcyR interactions and suggest a different
feature to be responsible for the diverging effects of Cimzia®.

PEGylation of Remicade® Increases T-Cell
Proliferation and Reduces Lm Infection

Rates
Polyethylene glycol can be added to therapeutic proteins to
increase stability (40). We finally addressed the question whether

a PEG moiety, present in Cimzia® but not in Remicade®, could
explain the differences in T-cell proliferation and Lm infection
rates in hMDMs between these drugs. To this end, Remicade® was
PEGylated with the amine-reactive MS-PEG and the resulting
PEG-Remicade® or Cimzia® was compared to the non-PEGylated
form of Remicade®. Co-culture supernatants proved effective
neutralization of sTNFa by all tested anti-TNFa agents by ELISA
(Figure 7A). Subsequently, T-cell proliferation and Lm infec-
tion rates in hMDMs were evaluated by flow cytometry. Similar
to Cimzia® (+10 + 6%), PEG-Remicade® (+4 + 4%) showed a
significantly higher T-cell proliferation (Figure 7B) compared
to non-PEGylated Remicade®. Likewise, the percentage of Lm-
infected hMDMs was significantly reduced after treatment with
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FIGURE 4 | Effects of anti-tumor necrosis factor a (TNFa) agents are human monocyte-derived macrophage (hMDM)- and T-cell-mediated. Magnetic activated
cell sorting-separated CD14* hMDMs were infected with Leishmania major (Lm) (~Lm , +Lm @) and co-cultured with untouched CD3* T-cells. The anti-TNFa
agents Remicade® (Re O) and Cimzia® (Ci {)) were added and after 7 days, T-cell proliferation (A,B) and Lm infection rates in hMDMs (C,D) were analyzed by flow
cytometry. (A,C) Raw data of T-cell proliferation and Lm infection rates are depicted without subtracting values from controls. (B,D) Values of the respective controls
were subtracted for each donor and condition to illustrate differences. Results are presented as mean + SD (n > 9) and at least four separate experiments were
conducted. The Wilcoxon signed-rank test was performed to evaluate statistical significance. ns P > 0.05; **P < 0.01.

Cimzia® (—6 + 4%) or PEG-Remicade® (—4 + 3%) (Figure 7C),
demonstrating that PEG has a direct effect on T-cell proliferation
and consequently Lm infection rates in hMDMs. As reported
previously, PEG is able to activate complement (41). Therefore,
we characterized the capacity of PEGylated TNFa inhibitors to
activate the complement system by measuring the release of C5a,
a marker of terminal complement activation (42). Remarkably,
C5a levels were significantly higher in the presence of Cimzia®
(69 + 67 pg/mL) compared to non-PEGylated Remicade®
(25 + 26 pg/mL). Accordingly, the comparison of PEGylated
with non-PEGylated Remicade® demonstrated a significantly
increased release of C5a (55 + 47 pg/mL) after treatment
with PEG-Remicade® (Figure 7D). Altogether, these data link
complement-mediated immunostimulation with the PEG
moiety of Cimzia® or PEG-Remicade®.

DISCUSSION

Although TNFa blockers have revolutionized therapy of auto-
immune diseases, one of their major adverse effects is the signifi-
cant risk of serious infections (6-8). Several reports link a higher

incidence of leishmaniasis to the treatment with Remicade®,
Humira®, Enbrel®, and Simponi® (16-23). Therefore, we devel-
oped an in vitro model to investigate the impact of currently
marketed therapeutic TNFa inhibitors on Leishmania infection.

After infection of macrophages with Lm and co-culture with
autologous PBLs, we found an increased release of sTNFa into
cell supernatants. Concomitantly, we observed an induction
of CD4" T-cell proliferation that, in agreement to previous
reports, enhanced parasite control (30, 35). By determining
the percentage of infected macrophages, a decreased number
of hMDMs containing Lm was found upon PBL addition. The
parasite burden per cell was not determined. Measured sTNFa
levels and T-cell proliferation strongly differed among the tested
donors, which might arise from the genetic diversity of human
individuals.

We demonstrate the relevance of sTNFa for parasite control
in human leishmaniasis and the negative impact of various
anti-TNFa agents as treatment with Remicade®, Remsima®, and
Humira® increased infection rates in human macrophages. This
increase resulted from reduced T-cell activation and proliferation.
Although the differences in infection rate and T-cell proliferation
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FIGURE 5 | Intracellular expression of cytolytic proteins in proliferating CD4+ T-cells differs after soluble TNFa (STNFa) neutralization by Remicade® or Cimzia®.
Non-infected () or Leishmania major (Lm)-infected human monocyte-derived macrophages (h(MDMs) (@) were co-incubated with CFSE-labeled autologous
peripheral blood lymphocytes and sTNFa was neutralized by Remicade® (Re O) or Cimzia® (Gi ). Proliferating CD4* T-cells expressing perforin (A), granulysin
(B), granzyme A (C), or granzyme B (D) were detected using anti-CD3 and anti-CD4 Ab co-staining in intracellular flow cytometry 7 days post-infection. Values
are illustrated as differences to the untreated control of the same donor. Data are presented as mean + SD (n > 6) and were obtained in at least three independent
experiments. To analyze statistical significance, the Wilcoxon signed-rank test was performed. *P < 0.05; **P < 0.01.

seem to be not very high, the results we obtained are significant
and effectual for almost every tested donor.

In agreement with our data, infection is a major adverse effect
of immunosuppressive anti-TNFa treatment and reactivation
of leishmaniasis or a higher susceptibility for an initial infec-
tion with Leishmania parasites has been linked to the appli-
cation of several TNFa blockers by clinical reports (16-23).
It is worth mentioning that the anti-TNFa agents tested in our
experiments had no effect on Lm infection rates in the absence
of PBLs, which illustrates the importance of T-cell activation
for parasite control in humans. This result from our human
model is in line with data obtained from Lm amastigote-
infected peritoneal mouse macrophages (43). Here, treatment
of the infected macrophages with various concentrations of
mouse recombinant TNFa« failed to activate macrophages for
the killing of intracellular Leishmania and to reduce the initial
infection rate.

Unlike the other anti-TNFa agents examined in our study,
treatment with Cimzia® maintained T-cell proliferation and

parasite control despite effective sSTNFa blockade. Furthermore,
the overall expression of cytolytic molecules in proliferating
CD4* T-cells was not reduced by Cimzia®, demonstrating that
treatment with this TNFa inhibitor does not interfere with
T-cell effector functions. Surprisingly, levels of granulysin
were lowered after Cimzia® treatment compared to non-
treated controls. Although granulysin has been described to
have a direct antimicrobial effect (44, 45), parasite control was
not affected in Cimzia®-treated samples. Here, other cytolytic
proteins might compensate for the lower expression of gran-
ulysin, or a different effector mechanism might be initiated by
Cimzia®.

Cytolytic proteins play a pivotal role in combating intracel-
lular infections. They are released by activated T-cells, leading to
pore formation in target cell membranes and promoting target
cell lysis by not yet fully understood mechanisms (37). Of note,
our experiments reveal increased levels of cytolytic molecules
in Lm-induced proliferating CD4* T-cells, although antimicro-
bial and cytotoxic activity has mainly been attributed to CD8*
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FIGURE 6 | Reduced T-cell proliferation and increased Leishmania major (Lm) infection rates upon soluble TNFa (STNFa) blockade by Remicade® are independent
of fragment crystallizable (Fc)-Fcy receptor (FcyR) interactions. (A) Representative histograms of flow cytometry analysis show FcyR expression (black line) on
infected human monocyte-derived macrophages (hMDMs) in comparison to the isotype control (black solid) 24 h after Lm infection. (B) 7 days after infection,
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confirmed by flow cytometry using anti-human IgG staining. (C,D) Lm-infected (@) or non-infected (- ) macrophages were pre-incubated with or without Polyglobin®
after which peripheral blood lymphocytes and Remicade® (Re) were added (Remicade® O; Polyglobin® x; Remicade® + Polyglobin® ®). (C) T-cell proliferation and
(D) infection rates in hMDMs of co-cultures were assessed by flow cytometry 7 days post-infection. Values are illustrated as differences to the untreated control of
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T-cells (46, 47). In line with recent studies showing that CD4*
T-cells can also display cytolytic functions (47-49), we assume
that cytolytic proteins released by CD4* T-cells contribute to
clearance of Leishmania. Dotiwala et al. demonstrated killing of
intracellular parasites by cytolytic molecules independently of
host cell death (45).

The role of cytolytic proteins in human leishmaniasis is
controversial. Expression of granzyme A and granzyme B posi-
tively correlated with lesion progression in patients (34). In our
study, Lm-infected hMDMs and co-cultured T-cells displayed
low and comparable PI positivity in the absence or presence
of anti-TNFa agents, demonstrating that cytolytic molecules
expressed by CD4* T-cells do not impair cell viability.

Among the tested anti-TNFa agents, Cimzia® was the only one
being modified with a PEG moiety. PEG is commonly used to
increase half-life and stability and to reduce immunogenicity as
well as aggregation of therapeutic proteins (40). It is described
to have no adverse biological effects, although several studies
revealed unanticipated immunogenicity of PEG (50).

We PEGylated Remicade® to determine effects that might be
caused by the PEG moiety. Our investigations indeed confirm
an immunostimulatory effect of PEG as treatment with PEG-
Remicade® significantly increased T-cell proliferation and para-
site control in infected macrophages. Several reports describe the

development of anti-PEG Abs and activation of complement by
PEG, though the underlying mechanisms and involved factors
remain elusive (41, 42, 51-55). Furthermore, in vitro studies with
human T-cells, co-cultured with allogeneic DCs, revealed that
recombinant C3a and C5a promote CD4* T-cell expansion (56).
In fact, we found elevated levels of C5a in cell supernatants upon
treatment with PEGylated Remicade® or Cimzia®, which links
complement activation with Lm infection control in the absence
of sTNFa. Complement activation depends on the concentration
and molecular weight of PEG (55). Thus, variations in the struc-
ture or size of the PEG moiety might be cause of the deviations
between PEG-Remicade® and Cimzia®.

Undesirable activation of the immune or complement system
by PEG can result in clearance of PEGylated pharmaceuticals or
potential hypersensitivity reactions (41). However, Cimzia® dem-
onstrated efficacy in clinical trials and is effectively and generally
well tolerated used in therapy for almost 10 years (57).

The complement system has been traditionally regarded as
innate system that controls invading pathogens by chemotaxis,
opsonization, and lysis (58). Though, recent studies, including
our investigations, revealed that complement has been largely
underestimated in the past. It can modulate the adaptive
immune response as T-cell activation can be directly induced by
complement components or indirectly via complement-activated
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FIGURE 7 | Increased T-cell proliferation and reduced Leishmania major (Lm) infection rates in human monocyte-derived macrophages (nMDMs) after PEGylation
of Remicade®. The Lm-infected hMDM/peripheral blood lymphocyte co-culture (@) was treated with Remicade® (O), PEGylated Remicade® (&), Cimzia® (¢)), and
MS-polyethylene glycol (PEG) (). 7 days after infection, soluble TNFa (STNFa) neutralization (A) or C5a levels (D) were measured by ELISA, and T-cell proliferation
(B) as well as the percentage of Lm-infected hMDMs (C) were determined by flow cytometry. (B,C) T-cell proliferation and infection rates are presented as
differences to the untreated control of the same donor. At least four independent experiments were conducted of which data are shown as mean + SD (n > 10).
The Wilcoxon signed-rank test was performed to evaluate statistical significance. *P < 0.05; **P < 0.01; ***P < 0.001; ***P < 0.0001.
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antigen-presenting cells such as macrophages (56, 59-61).
Therefore, it might be possible that increased T-cell proliferation
after treatment with PEGylated anti-TNFa agents is a result of
complementactivation. Noteworthy, immune cells themselves can
functionaslocal source of complement proteins (62). Macrophages
and T-cells, which we used in our in vitro assay, are thus practi-
cally able to initiate full signaling through complement pathways
with one exception: the formation of the membrane-attack
complex involving C6-C9.

In summary, we demonstrate significant differences between
the treatment with Cimzia® and other anti-TNFa agents. We
show that PEGylation of Remicade® promotes immunostimu-
lation and parasite control, an effect that we prove to be even
more pronounced for Cimzia®. Our data indicate PEG-mediated
complement activation to maintain T-cell activation, effec-
tor function, and parasite killing in hMDM:s in the absence
of sTNFa. Further examinations need to follow this study to

determine detailed molecular mechanism of complement acti-
vation by PEG and its supportive role for Lm infection control.
Considering that reactivation of a latent infection or a higher
susceptibility for a new infection with Leishmania is a severe
adverse effect of immunosuppressive anti-TNFa treatment, our
findings contribute to a better understanding of the effectiveness
of different TNFa blockers and will be helpful for the assess-
ment of immunosuppressive anti-TNFa agents. Based on our
results, we propose that anti-TNFa therapy using Cimzia® may
be advantageous for patients living in high-incidence areas of
leishmaniasis.

AUTHOR CONTRIBUTIONS

KA and CF contributed equally to this work. KA, PC, ZW,
GR, and GZ contributed conception and design of the study.
KA, CFE HK, and AG performed and analyzed experiments.

Frontiers in Immunology | www.frontiersin.org

July 2018 | Volume 9 | Article 1772


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive

Arens et al.

Anti-TNFa Therapeutics in Infection

KA, KB, and GZ wrote the manuscript. All authors reviewed
the data and edited and approved the final version of the
manuscript.

ACKNOWLEDGMENTS

The authors thank Bianca Walber and Iska Steffens for the excel-
lent technical support and Dr. Benjamin Hofner for the statisti-
cal advice. This work was financed by the Paul-Ehrlich-Institut

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

Kalliolias GD, Ivashkiv LB. TNF biology, pathogenic mechanisms and
emerging therapeutic strategies. Nat Rev Rheumatol (2016) 12(1):49-62.
d0i:10.1038/nrrheum.2015.169

Brennan FM, McInnes IB. Evidence that cytokines play a role in rheumatoid
arthritis. J Clin Invest (2008) 118(11):3537-45. doi:10.1172/JCI36389

Cho JH, Feldman M. Heterogeneity of autoimmune diseases: pathophysi-
ologic insights from genetics and implications for new therapies. Nat Med
(2015) 21(7):730-8. d0i:10.1038/nm.3897

Mantzaris GJ. Anti-TNFs: originators and biosimilars. Dig Dis (2016)
34(1-2):132-9. doi:10.1159/000443128

. EMA. European Medicines Agency: European Public Assessment Reports. (2017).

Available from: http://www.ema.europa.eu/ema/index.jsp?curl=pages/
medicines/landing/epar_search.jsp&mid=WC0b01ac058001d124
(Accessed: August 16, 2017).

Thalayasingam N, Isaacs JD. Anti-TNF therapy. Best Pract Res Clin Rheumatol
(2011) 25(4):549-67. d0i:10.1016/j.berh.2011.10.004

Atzeni F, Gianturco L, Talotta R, Varisco V, Ditto MC, Turiel M, et al.
Investigating the potential side effects of anti-TNF therapy for rheumatoid
arthritis: cause for concern? Immunotherapy (2015) 7(4):353-61. doi:10.2217/
imt.15.4

Ali T, Kaitha S, Mahmood S, Ftesi A, Stone J, Bronze MS. Clinical use of
anti-TNF therapy and increased risk of infections. Drug Healthc Patient Saf
(2013) 5:79-99. doi:10.2147/DHPS.S28801

Kaye P, Scott P. Leishmaniasis: complexity at the host-pathogen interface.
Nat Rev Microbiol (2011) 9(8):604-15. doi:10.1038/nrmicro2608

Bogdan C. Leishmaniasis in rheumatology, haematology and oncology:
epidemiological, immunological and clinical aspects and caveats. Ann Rheum
Dis (2012) 71(Suppl 2):i60-6. doi:10.1136/annrheumdis-2011-200596

WHO. World Health Organization: Leishmaniasis. (2017). Available from: http://
www.who.int/mediacentre/factsheets/fs375/en/ (Accessed: May 16, 2017).
Liew FY, Parkinson C, Millott S, Severn A, Carrier M. Tumour necrosis
factor (TNF alpha) in leishmaniasis. I. TNF alpha mediates host protection
against cutaneous leishmaniasis. Immunology (1990) 69(4):570-3.
Barral-Netto M, Badar6 R, Barral A, Almeida RP, Santos SB, Badard F, et al.
Tumor necrosis factor (cachectin) in human visceral leishmaniasis. J Infect Dis
(1991) 163(4):853-7. doi:10.1093/infdis/163.4.853

Nateghi Rostami M, Seyyedan Jasbi E, Khamesipour A, Mohammadi AM.
Tumour necrosis factor-alpha (TNF-a) and its soluble receptor type 1 (STNFR I)
in human active and healed leishmaniases. Parasite Immunol (2016)
38(4):255-60. doi:10.1111/pim.12305

Galdino H, Maldaner AE, Pessoni LL, Soriani FM, Pereira LI, Pinto SA,
et al. Interleukin 32y (IL-32y) is highly expressed in cutaneous and mucosal
lesions of American Tegumentary Leishmaniasis patients: association with
tumor necrosis factor (TNF) and IL-10. BMC Infect Dis (2014) 14:249.
doi:10.1186/1471-2334-14-249

Catala A, Roe E, Dalmau J, Pomar V, Munoz C, Yelamos O, et al. Anti-tumour
necrosis factor-induced visceral and cutaneous leishmaniasis: case report
and review of the literature. Dermatology (2015) 230(3):204-7. doi:10.1159/
000370238

Fabre S, Gibert C, Lechiche C, Dereure J, Jorgensen C, Sany J. Visceral leish-
maniasis infection in a rheumatoid arthritis patient treated with infliximab.
Clin Exp Rheumatol (2005) 23(6):891-2.

Guarneri C, Bevelacqua V, Patterson JW, Tchernev G. Cutaneous and visceral
leishmaniasis during anti-TNFa therapy. Wien Med Wochenschr (2017)
167(3-4):78-82. d0i:10.1007/s10354-016-0527-1

internal funding. The Paul-Ehrlich-Institut and the authors have
no financial interest in the development of any of the here tested
anti-TNFa therapeutics.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01772/
full#supplementary-material.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Franklin G, Greenspan J, Chen S. Anti-tumor necrosis factor-alpha therapy
provokes latent leishmaniasis in a patient with rheumatoid arthritis. Ann Clin
Lab Sci (2009) 39(2):192-5.

Guedes-Barbosa LS, Pereira da Costa I, Fernandes V, Henrique da Mota LM,
de Menezes I, Aaron Scheinberg M. Leishmaniasis during anti-tumor
necrosis factor therapy: report of 4 cases and review of the literature (addi-
tional 28 cases). Semin Arthritis Rheum (2013) 43(2):152-7. doi:10.1016/j.
semarthrit.2013.01.006

Zanger P, Gabrysch S. Leishmaniasis in the era of tumor necrosis factor alpha
antagonist therapy - a research agenda for Europe. Eurosurveillance (2013)
18(30):20542. doi:10.2807/1560-7917.ES2013.18.30.20542

Mueller MC, Fleischmann E, Grunke M, Schewe S, Bogner JR, Loscher T.
Relapsing cutaneous leishmaniasis in a patient with ankylosing spondylitis
treated with infliximab. Am ] Trop Med Hyg (2009) 81(1):52—4.

Xynos ID, Tektonidou MG, Pikazis D, Sipsas NV. Leishmaniasis, autoimmune
rheumatic disease, and anti-tumor necrosis factor therapy, Europe. Emerg
Infect Dis (2009) 15(6):956-9. doi:10.3201/eid1506.090101

De Leonardis F, Govoni M, Lo Monaco A, Trotta F. Visceral leishmaniasis
and anti-TNF-alpha therapy: case report and review of the literature. Clin
Exp Rheumatol (2009) 27(3):503-6.

Salmon-Ceron D, Tubach E Lortholary O, Chosidow O, Bretagne S, Nicolas N,
et al. Drug-specific risk of non-tuberculosis opportunistic infections in
patients receiving anti-TNF therapy reported to the 3-year prospective French
RATIO registry. Ann Rheum Dis (2011) 70(4):616-23. doi:10.1136/ard.2010.
137422

Zanger P, Kotter I, Kremsner PG, Gabrysch S. Tumor necrosis factor alpha
antagonist drugs and leishmaniasis in Europe. Clin Microbiol Infect (2012)
18(7):670-6. doi:10.1111/j.1469-0691.2011.03674.x

Mitoma H, Horiuchi T, Tsukamoto H, Ueda N. Molecular mechanisms
of action of anti-TNF-a agents — comparison among therapeutic TNF-a
antagonists. Cytokine (2016) 101:56-63. doi:10.1016/j.cyt0.2016.08.014

van Zandbergen G, Hermann N, Laufs H, Solbach W, Laskay T. Leishmania
promastigotes release a granulocyte chemotactic factor and induce interleukin-8
release but inhibit gamma interferon-inducible protein 10 production by
neutrophil granulocytes. Infect Immun (2002) 70(8):4177-84. doi:10.1128/
1AL.70.8.4177-4184.2002

van Zandbergen G, Bollinger A, Wenzel A, Kamhawi S, Voll R, Klinger M,
et al. Leishmania disease development depends on the presence of apoptotic
promastigotes in the virulent inoculum. Proc Natl Acad Sci U S A (2006)
103(37):13837-42. doi:10.1073/pnas.0600843103

Crauwels P, Bohn R, Thomas M, Gottwalt S, Jickel E Kramer S, et al.
Apoptotic-like Leishmania exploit the host’s autophagy machinery to reduce
T-cell-mediated parasite elimination. Autophagy (2015) 11(2):285-97.
doi:10.1080/15548627.2014.998904

Arango Duque G, Descoteaux A. Macrophage cytokines: involvement in
immunity and infectious diseases. Front Immunol (2014) 5:491. doi:10.3389/
fimmu.2014.00491

Filardy AA, Costa-da-Silva AC, Koeller CM, Guimaraes-Pinto K, Ribeiro-
Gomes FL, Lopes ME, et al. Infection with Leishmania major induces a cellular
stress response in macrophages. PLoS One (2014) 9(1):e85715. doi:10.1371/
journal.pone.0085715

Matte C, Olivier M. Leishmania-induced cellular recruitment during the
early inflammatory response: modulation of proinflammatory mediators.
J Infect Dis (2002) 185(5):673-81. doi:10.1086/339260

da Silva Santos C, Brodskyn CI. The role of CD4 and CD8 T cells in human
cutaneous leishmaniasis. Front Public Health (2014) 2:165. doi:10.3389/
fpubh.2014.00165

Frontiers in Immunology | www.frontiersin.org

July 2018 | Volume 9 | Article 1772


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nrrheum.2015.169
https://doi.org/10.1172/JCI36389
https://doi.org/10.1038/nm.3897
https://doi.org/10.1159/000443128
http://www.ema.europa.eu/ema/index.jsp?curl=pages/medicines/landing/epar_search.jsp&mid=WC0b01ac058001d124
http://www.ema.europa.eu/ema/index.jsp?curl=pages/medicines/landing/epar_search.jsp&mid=WC0b01ac058001d124
https://doi.org/10.1016/j.berh.2011.10.004
https://doi.org/10.2217/imt.15.4
https://doi.org/10.2217/imt.15.4
https://doi.org/10.2147/DHPS.S28801
https://doi.org/10.1038/nrmicro2608
https://doi.org/10.1136/annrheumdis-2011-200596
http://www.who.int/mediacentre/factsheets/fs375/en/
http://www.who.int/mediacentre/factsheets/fs375/en/
https://doi.org/10.1093/infdis/163.4.853
https://doi.org/10.1111/pim.12305
https://doi.org/10.1186/1471-2334-14-249
https://doi.org/10.1159/
000370238
https://doi.org/10.1159/
000370238
https://doi.org/10.1007/s10354-016-0527-1
https://doi.org/10.1016/j.semarthrit.2013.01.006
https://doi.org/10.1016/j.semarthrit.2013.01.006
https://doi.org/10.2807/1560-7917.ES2013.18.30.20542
https://doi.org/10.3201/eid1506.090101
https://doi.org/10.1136/ard.2010.137422
https://doi.org/10.1136/ard.2010.137422
https://doi.org/10.1111/j.1469-0691.2011.03674.x
https://doi.org/10.1016/j.cyto.2016.08.014
https://doi.org/10.1128/IAI.70.8.4177-4184.2002
https://doi.org/10.1128/IAI.70.8.4177-4184.2002
https://doi.org/10.1073/pnas.0600843103
https://doi.org/10.1080/15548627.2014.998904
https://doi.org/10.3389/fimmu.2014.00491
https://doi.org/10.3389/fimmu.2014.00491
https://doi.org/10.1371/journal.pone.0085715
https://doi.org/10.1371/journal.pone.0085715
https://doi.org/10.1086/339260
https://doi.org/10.3389/fpubh.2014.00165
https://doi.org/10.3389/fpubh.2014.00165
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01772/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2018.01772/full#supplementary-material

Arens et al.

Anti-TNFa Therapeutics in Infection

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Scott P, Novais FO. Cutaneous leishmaniasis: immune responses in protec-
tion and pathogenesis. Nat Rev Immunol (2016) 16(9):581-92. doi:10.1038/
nri.2016.72

Scorza BM, Carvalho EM, Wilson ME. Cutaneous manifestations of human
and murine leishmaniasis. Int | Mol Sci (2017) 18(6):E1296. d0i:10.3390/
{jms18061296

Barry M, Bleackley RC. Cytotoxic T lymphocytes: all roads lead to death.
Nat Rev Immunol (2002) 2(6):401-9. doi:10.1038/nri819

Chan KR, Ong EZ, Mok DZ, Ooi EE. Fc receptors and their influence on
efficacy of therapeutic antibodies for treatment of viral diseases. Expert Rev
Anti Infect Ther (2015) 13(11):1351-60. doi:10.1586/14787210.2015.1079127
Weissmuller S, Semmler LY, Kalinke U, Christians S, Muller-Berghaus J,
Waibler Z. ICOS-LICOS interaction is critically involved in TGN1412-
mediated T-cell activation. Blood (2012) 119(26):6268-77. doi:10.1182/blood-
2011-12-401083

Harris JM, Chess RB. Effect of pegylation on pharmaceuticals. Nat Rev
Drug Discov (2003) 2(3):214-21. doi:10.1038/nrd1033

Verhoef J], Carpenter JE, Anchordoquy TJ, Schellekens H. Potential induc-
tion of anti-PEG antibodies and complement activation toward PEGylated
therapeutics. Drug Discov Today (2014) 19(12):1945-52. doi:10.1016/j.drudis.
2014.08.015

Molino NM, Bilotkach K, Fraser DA, Ren D, Wang S-W. Complement
activation and cell uptake responses toward polymer-functionalized pro-
tein nanocapsules. Biomacromolecules (2012) 13(4):974-81. doi:10.1021/
bm300083e

Bogdan C, Moll H, Solbach W, Réllinghoff M. Tumor necrosis factor-alpha
in combination with interferon-gamma, but not with interleukin 4 activates
murine macrophages for elimination of Leishmania major amastigotes.
Eur ] Immunol (1990) 20(5):1131-5. do0i:10.1002/eji.1830200528

Stenger S. An antimicrobial activity of cytolytic T cells mediated by granulysin.
Science (1998) 282(5386):121-5. d0i:10.1126/science.282.5386.121

Dotiwala F, Mulik S, Polidoro RB, Ansara JA, Burleigh BA, Walch M, et al.
Killer lymphocytes use granulysin, perforin and granzymes to kill intracellular
parasites. Nat Med (2016) 22(2):210-6. doi:10.1038/nm.4023

Voskoboinik I, Whisstock JC, Trapani JA. Perforin and granzymes: function,
dysfunction and human pathology. Nat Rev Immunol (2015) 15(6):388-400.
doi:10.1038/nri3839

Soghoian DZ, Streeck H. Cytolytic CD4(+) T cells in viral immunity. Expert
Rev Vaccines (2010) 9(12):1453-63. doi:10.1586/erv.10.132

Bastian M, Braun T, Bruns H, Rollinghoff M, Stenger S. Mycobacterial
lipopeptides elicit CD4+ CTLs in Mycobacterium tuberculosis-infected
humans. J Immunol (2008) 180(5):3436-46. doi:10.4049/jimmunol.180.5.3436
Grossman WJ, Verbsky JW, Tollefsen BL, Kemper C, Atkinson JP, Ley TJ.
Differential expression of granzymes A and B in human cytotoxic lymphocyte
subsets and T regulatory cells. Blood (2004) 104(9):2840-8. doi:10.1182/
blood-2004-03-0859

Garay RP, El-Gewely R, Armstrong JK, Garratty G, Richette P. Antibodies
against polyethylene glycol in healthy subjects and in patients treated with
PEG-conjugated agents. Expert Opin Drug Deliv (2012) 9(11):1319-23.
doi:10.1517/17425247.2012.720969

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Armstrong JK, Hempel G, Koling S, Chan LS, Fisher T, Meiselman HJ, et al.
Antibody against poly(ethylene glycol) adversely affects PEG-asparaginase
therapy in acute lymphoblastic leukemia patients. Cancer (2007) 110(1):
103-11. doi:10.1002/cncr.22739

SundyJS, Baraf HS, Yood RA, Edwards NL, Gutierrez-Urena SR, Treadwell EL,
et al. Efficacy and tolerability of pegloticase for the treatment of chronic gout
in patients refractory to conventional treatment: two randomized controlled
trials. JAMA (2011) 306(7):711-20. d0i:10.1001/jama.2011.1169

Morita Y, Kamal M, Kang S-A, Zhang R, Lokesh GL, Thiviyanathan V, et al.
E-selectin targeting PEGylated-thioaptamer prevents breast cancer meta-
stases. Mol Ther Nucleic Acids (2016) 5(12):€399. d0i:10.1038/mtna.2016.103
Chanan-Khan A, Szebeni J, Savay S, Liebes L, Rafique NM, Alving CR, et al.
Complement activation following first exposure to pegylated liposomal
doxorubicin (Doxil): possible role in hypersensitivity reactions. Ann Oncol
(2003) 14(9):1430-7. doi:10.1093/annonc/mdg374

Hamad I, Hunter AC, Szebeni J, Moghimi SM. Poly(ethylene glycol)s gen-
erate complement activation products in human serum through increased
alternative pathway turnover and a MASP-2-dependent process. Mol
Immunol (2008) 46(2):225-32. d0i:10.1016/j.molimm.2008.08.276

Cravedi P, Leventhal J, Lakhani P, Ward SC, Donovan MJ, Heeger PS. Immune
cell-derived C3a and C5a costimulate human T cell alloimmunity. Am
J Transplant (2013) 13(10):2530-9. doi:10.1111/ajt.12405

Deeks ED. Certolizumab pegol: a review in inflammatory autoimmune
diseases. BioDrugs (2016) 30(6):607-17. doi:10.1007/s40259-016-0197-y
Dunkelberger JR, Song W-C. Complement and its role in innate and adaptive
immune responses. Cell Res (2010) 20(1):34-50. doi:10.1038/cr.2009.139
Kemper C, Atkinson JP. T-cell regulation: with complements from innate
immunity. Nat Rev Immunol (2007) 7(1):9-18. doi:10.1038/nri1994
Hawlisch H, Wills-Karp M, Karp CL, KéhlJ. The anaphylatoxins bridge innate
and adaptive immune responses in allergic asthma. Mol Immunol (2004)
41(2-3):123-31. doi:10.1016/j.molimm.2004.03.019

Kwan W-H, van der Touw W, Heeger PS. Complement regulation of T cell
immunity. Immunol Res (2012) 54(1-3):247-53. doi:10.1007/s12026-
012-8327-1

Lubbers R, van Essen MF, van Kooten C, Trouw LA. Production of comple-
ment components by cells of the immune system. Clin Exp Immunol (2017)
188(2):183-94. doi:10.1111/cei.12952

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2018 Arens, Filippis, Kleinfelder, Goetzee, Reichmann, Crauwels,
Waibler, Bagola and van Zandbergen. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribu-
tion or reproduction in other forums is permitted, provided the original author(s)
and the copyright owner(s) are credited and that the original publication in this
Jjournal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

13

July 2018 | Volume 9 | Article 1772


https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://www.frontiersin.org/Immunology/archive
https://doi.org/10.1038/nri.2016.72
https://doi.org/10.1038/nri.2016.72
https://doi.org/10.3390/ijms18061296
https://doi.org/10.3390/ijms18061296
https://doi.org/10.1038/nri819
https://doi.org/10.1586/14787210.2015.1079127
https://doi.org/10.1182/blood-2011-12-401083
https://doi.org/10.1182/blood-2011-12-401083
https://doi.org/10.1038/nrd1033
https://doi.org/10.1016/j.drudis.2014.08.015
https://doi.org/10.1016/j.drudis.2014.08.015
https://doi.org/10.1021/bm300083e
https://doi.org/10.1021/bm300083e
https://doi.org/10.1002/eji.1830200528
https://doi.org/10.1126/science.282.5386.121
https://doi.org/10.1038/nm.4023
https://doi.org/10.1038/nri3839
https://doi.org/10.1586/erv.10.132
https://doi.org/10.4049/jimmunol.180.5.3436
https://doi.org/10.1182/blood-2004-03-0859
https://doi.org/10.1182/blood-2004-03-0859
https://doi.org/10.1517/17425247.2012.720969
https://doi.org/10.1002/cncr.22739
https://doi.org/10.1001/jama.2011.1169
https://doi.org/10.1038/mtna.2016.103
https://doi.org/10.1093/annonc/mdg374
https://doi.org/10.1016/j.molimm.2008.08.276
https://doi.org/10.1111/ajt.12405
https://doi.org/10.1007/s40259-016-0197-y
https://doi.org/10.1038/cr.2009.139
https://doi.org/10.1038/nri1994
https://doi.org/10.1016/j.molimm.2004.03.019
https://doi.org/10.1007/s12026-
012-8327-1
https://doi.org/10.1007/s12026-
012-8327-1
https://doi.org/10.1111/cei.12952
https://creativecommons.org/licenses/by/4.0/

	Anti-Tumor Necrosis Factor α Therapeutics Differentially Affect Leishmania Infection of Human Macrophages
	Introduction
	Materials and Methods
	Parasites
	Cell Purification
	Infection of Primary Human Macrophages and Co-Incubation with T-Cells
	Neutralization of Cytokines
	PEGylation
	Diff-Quik® Staining
	Flow Cytometry
	ELISA
	Statistical Analysis

	Results
	Macrophages and T-Cells Differentially Express mTNFR1, mTNFR2, and TNFα
	CD4+ T-Cell Proliferation Reduces the Number of Lm-Infected Macrophages
	Anti-TNFα Therapeutics Similarly Neutralize sTNFα but Differentially 
Affect Leishmania Infection Control
	Remicade® but Not Cimzia® Leads to Downregulation of Cytolytic Proteins 
in Proliferating T-Cells
	Differences Between Cimzia® and Remicade® Are Independent of 
Fc–FcγRs Interactions
	PEGylation of Remicade® Increases T-Cell Proliferation and Reduces Lm Infection Rates

	Discussion
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


