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figure 3 M ean change from baseline in SARS-CoV-2 viral load determined by qPCR on upper 
respiratory tract samples.

 
 

figure 4 S emi-log mean serum concentration versus time profiles of ensovibep following 225- and 
600-mg administration.
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Chapter 6 

Immunosuppression by 
hydroxychloroquine: mechanistic 
proof in in vitro experiments but 

limited systemic activity in a randomized 
placebo-controlled clinical 
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Abstract
Based on its wide range of immunosuppressive properties, hydroxychlo-
roquine (HCQ) is used for the treatment of several autoimmune diseases. 
Limited literature is available on the relationship between HCQ concentra-
tion and its immunosuppressive effect. To gain insight in this relationship we 
performed in vitro experiments in human PBMCs and explored the effect of 
HCQ on T and B cell proliferation and Toll like receptor (TLR)3/TLR7/TLR9/RIG-
I-induced cytokine production. In a placebo-controlled clinical study these 
same endpoints were evaluated in healthy volunteers that were treated with 
a cumulative dose of 2400 mg HCQ over 5 days. In vitro, HCQ inhibited TLR 
responses with IC50s >100 ng/mL and reaching 100% inhibition. In the clin-
ical study, maximal HCQ plasma concentrations ranged from 75 to 200 ng/
mL. No ex vivo HCQ effects were found on RIG-I-mediated cytokine release, 
but there was significant suppression of TLR7 responses and mild suppres-
sion of TLR3 and TLR9 responses. Moreover, HCQ treatment did not affect B 
cell and T cell proliferation. These investigations show that HCQ has clear im-
munosuppressive effects on human PBMCs, but the effective concentrations 
exceed the circulating HCQ concentrations under conventional clinical use. 
Of note, based on HCQ’s physico-chemical properties, tissue drug concen-
trations may be higher, potentially resulting in significant local immunosup-
pression. This trial is registered in the International Clinical Trials Registry 
Platform (ICTRP) under study number NL8726

Introduction 
Hydroxychloroquine (HCQ) is a broad immunosuppressive drug, initially de-
veloped as an anti-malarial drug. However, due to its anti-inflammatory 
properties, HCQ is now widely used in the treatment of autoimmune diseases 
such as rheumatoid arthritis (RA)1, systemic lupus erythematosus (SLE)2 and 
Sjögren’s syndrome.3 The use of HCQ in other diseases has been under in-
vestigation, a pilot trial investigating the use of HCQ in patients after myo-
cardial infarction showed a decrease in plasma IL-6 levels compared to 
placebo, and a larger trial studying the effect on recurrent cardiovascu-
lar events is currently ongoing.4 Furthermore, HCQ was under investiga-
tion for use in moderate to severe COVID-19 patients during the COVID-19 
pandemic.5

The exact mechanisms behind HCQs immunosuppressive functions re-
main unclear. HCQ accumulates in the lysosomes and inhibits lysosom-
al function by autophagosome fusion with lysosomes,6 thereby inhibiting 
antigen presentation.7,8 In addition, HCQ inhibits pro-inflammatory cyto-
kine production by myeloid cells, possibly via the inhibition of endosomal 
Toll-like receptor (TLR) signalling.9 It has been shown that HCQ treatment is 
associated with decreased interferon (IFN)α serum levels in SLE patients.10 
Furthermore, several studies investigating the effect of HCQ on peripher-
al blood mononuclear cells (PBMCs) or cell lines show that HCQ treatment 
reduces phorbol 12-myristate 13-acetate (PMA) and ionomycin or lipopoly-
saccharide induced cytokine production.11-13 

Besides effects on the innate immune system, HCQ affects the adaptive 
immune response as well. It has been shown that HCQ inhibits differentia-
tion of class-switched memory B cells into plasmablasts and thereby de-
creases IgG production in response to TLR9 stimulation or inoculation with 
inactivated virus.14,15 HCQ inhibits T cell activation as well, via the inhibition 
of T cell receptor induced calcium mobilization and dysregulation of mi-
tochondrial superoxide production.16-18 

However, the concentrations used in such in vitro experiments studying 
the immunomodulatory effects of HCQ largely exceeded obtainable clini-
cal concentrations in patients. A study in cutaneous lupus erythematosus 
patients receiving HCQ in clinical doses showed that higher HCQ blood lev-
els corresponded with lower ex vivo IFNα responses after TLR9 stimula-
tion, but not after TLR7/8 stimulation.13 Moreover, influenza antibody titers 
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after vaccination in Sjögren’s syndrome patients receiving HCQ were lower 
compared to HCQ naïve patients.15 Unfortunately, little additional literature 
is available on the in vivo immunomodulatory effects of HCQ and compar-
ing it to in vitro experiments. 

We aimed to assess and quantify the immunomodulatory effects of HCQ 
on primary human immune cells, both in vitro and ex vivo in a random-
ized clinical trial. We assessed the effect of HCQ on cytokine production 
after endosomal TLR stimulation in isolated PBMCs and on T and B cell 
proliferation (in vitro as well as ex vivo). In the clinical trial, healthy sub-
jects were dosed with HCQ in the standard dosing regimen for moderate-
to-severe COVID-19 that was advised in the Netherlands when the study 
was conceived. In the study design, we accounted for a potential age ef-
fect on the study outcomes, since general immunocompetence and drug 
metabolism has been reported to be age-dependent.19,20 Here we present 
the outcomes of the in vitro experiment and the randomized clinical trial. 

Methods 
In vitro experiments
Blood was collected by venipuncture using Sodium Heparin vacutainer 
tubes or Cell Preparation Tubes (CPT, Becton Dickinson, Franklin Lakes, NJ, 
usa) from healthy volunteers after written informed consent, in accordance 
with Good Clinical Practice guidelines and the Declaration of Helsinki. 
Blood was used for the evaluation of the in vitro immunomodulatory activ-
ity of hydroxychloroquine (10-10,000 ng/mL, Sigma-Aldrich, Deisenhofen, 
Germany). All experiments were started within one hour after blood with-
drawal, and incubations were performed in duplicate. Hydroxychloroquine 
and stimulant were added simultaneously. Per experiment, blood of 6 do-
nors was used.

Clinical study
We conducted a single-blind, randomized, placebo-controlled multiple dose 
study in forty healthy male volunteers, comprising twenty young (18-30 years) 
and twenty elderly (65-75 years) subjects. The study was conducted at the 
Centre for Human Drug Research in Leiden, the Netherlands, between June 
and September 2020, during the COVID-19 pandemic. All subjects in the clin-
ical trial gave written informed consent according to Declaration of Helsinki 

recommendations, prior to any study-related activity. The study was ap-
proved by the Independent Ethics Committee of the Foundation ‘Evaluation 
of Ethics in Biomedical Research’ (Stichting Beoordeling Ethiek Biomedisch 
Onderzoek, Assen, the Netherlands) and registered in the Toetsingonline 
Registry (study number NL73816.056.20), and in the International Clinical 
Trials Registry Platform (NL8726).

Volunteer selection
To avoid sex-related inter-individual variability in immune responses, only 
male subjects were included.21 Subjects were included if they were overtly 
healthy. The health status of subjects was assessed by medical screening, 
including medical history, physical examination, vital signs measurements, 
12-lead electrocardiography (ECG), urine analysis, drug screen and safety 
chemistry, coagulation, and hematology blood sampling. Body mass index 
of study participants had to be between 18 and 32 kg/m2. Subjects with a 
known hypersensitivity reaction to chloroquine, HCQ or other 4-aminoquin-
olines, abnormalities in the resting ECG (including QTcF-interval >450ms), 
evidence of any active or chronic disease or condition (including long QT 
syndrome, retinal disease, G6PD deficiency, autoimmune diseases, diabetes 
mellitus type I or II, psychiatric disorders) or a positive SARS-CoV-2 PCR test 
were excluded from study participation. Use of concomitant medication was 
not permitted during the study, and 14 days (or 5 half-lives) prior to the study 
drug administration, except for paracetamol.

Study design
Subjects were randomized to receive either HCQ sulphate (plaquenil®) or 
placebo tablets, in a 1:1 ratio. Tablets were dispensed by the pharmacy, ac-
cording to a randomization list generated by a study-independent statisti-
cian. Plaquenil® and placebo tablets were packaged in the same way but 
the tablets were not indistinguishable, study drug administration was there-
fore performed by dedicated unblinded personnel not involved in any other 
study tasks. Subjects received HCQ or placebo by a loading dose of 400 mg 
twice daily (t = 0h and t = 12h) followed by a 400 mg once daily dose regimen 
(t = 24h, t = 48h, t = 72h, and t = 96h), giving a cumulative dose of 2400 mg. 
This reflected the standard dosing regimen for moderate-to-severe COVID-
19 patients in nl when the study was conceived (total dose between 2000 
and 3800 mg). 
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Pharmacokinetic evaluation
For pharmacokinetic (PK) assessments, blood was collected in 3 mL Va-
cutainer® K2EDTA tubes (Becton Dickinson) on study day 0 (baseline and 
3 hours post-dosing), and day 1, 4 and 9 (3 hours post-dosing). Hydroxy-
chloroquine plasma concentrations were measured by Ardena Bioanalyti-
cal Laboratory (Assen, nl) using a validated LC-MS/MS method. The lower 
limit of quantification (LLOQ) of the analysis was 5 ng/mL.

Whole blood stimulation
Whole blood was stimulated with 10 μg/mL phytohemagglutinin (PHA, 
Sigma-Aldrich) for 6 hours and 24 hours. After 6 hours, activation markers 
on T-cells were measured using CD69-APC (clone: REA824), CD71-FITC (clone: 
REA902), CD154-VioBlue (REA238) and CD25-PE (clone: 3G10), CD3-VioGreen 
(REA613), CD4-APC-Vio770 (REA623) and CD8-PE-Vio770 (REA734) antibodies 
and propidium iodide as viability dye (all Miltenyi Biotec, Bergisch-Gladbach, 
Germany) using a MACSQuant 16 analyzer (Miltenyi Biotec). After 24 hours, 
culture supernatants were collected for cytokine analysis. 

PBMC isolation and TLR stimulation 
PBMCs were isolated from CPT after centrifugation at 1800 x g for 30 min-
utes, and washed 2x using phosphate buffered saline (PBS, pH 7.2, Gibco, 
Thermo Fisher, Waltham, MA, usa). PBMCs were stimulated with endosomal 
TLR ligands PolyI:C (TLR3, 50 μg/mL), imiquimod (TLR7, 1 μg/mL), CpG class A 
(TLR9, oligodeoxynucleotides [ODN] 2.5 μM) and PolyI:C/lyovec (RIG-I, 1 μg/
mL; all Invivogen, Toulouse, France). Supernatants were collected after 24 
hours for cytokine quantification. 

Proliferation assay
PBMCs were stained with 2.5µM cell trace violet (CTV, Thermo Fisher) ac-
cording to user’s manual. T cells were stimulated with 5 μg/mL phytohe-
magglutinin (PHA), and B cells with a monoclonal CD40 antibody (5 μg/mL; 
clone: G28.5, BioXCell) and CpG class B (2.5 μM; ODN Invivogen). After 5 days 
of stimulation PBMCs were stained using, CD4-PE (clone: OKT4), CD8-APC 
(clone: HIT8a), CD19-PE (clone: HIB19, all Biolegend, San Diego, CA, usa) and 
fixable viability dye eFluor780 (Thermo Fisher) and proliferation was quan-
tified by flow cytometry, using the MACSQuant 16 analyzer. 

Flow cytometry
Circulating leukocyte subsets were analyzed using flow cytometry. Red 
blood cell lysis was performed on sodium heparinized blood using red 
blood cell lysis buffer (Thermo Fisher Scientific). After washing with PBS (pH 
7.2), leukocytes were incubated with fluorochrome-labeled antibodies for 
30 minutes on ice. After a final washing step, leukocytes were measured on 
a MACSQuant 16 analyzer (Miltenyi Biotec). See Supplemental Table 1 for a 
full list of antibodies used. 

Cytokine measurements 
IFNγ and IL-2 were quantified using the Vplex-2 kit (Meso Scale Discovery). 
IFNα and IL-6 were quantified using the pan-specific IFNα ELISApro HRP kit 
and the IL-6 ELISApro HRP kit (both Mabtech, Nacka Strand, Sweden). 

Statistical analysis
In vitro data are reported as mean ± standard deviation (SD). The IC50 was 
calculated using a inhibitory sigmoid Emax function where applicable. 
Analyses were performed using Graphpad Prism version 6.05 (Graphpad, 
San Diego, CA, usa). Repeatedly measured pharmacodynamic data were 
evaluated with a mixed model analysis of variance with fixed factors treat-
ment, age group, time, treatment by time, age group by time, treatment by 
age group and treatment by age group by time and a random factor sub-
ject and the average pre-value as covariate. If needed, variables were 
log transformed before analysis. Contrasts between the placebo and HCQ 
treatment groups were calculated per endpoint. In addition, a potential 
age-specific HCQ effect was evaluated by comparing the 18-30 years with 
the 65-75 years age group. For the contrasts, an estimate of the differ-
ence (back-transformed in percentage for log transformed parameters), 
a 95% confidence interval (in percentage for log-transformed parame-
ters), Least Square Means (geometric means for log transformed param-
eters), and the p-value were calculated. A p-value ≤ 0.05 was considered 
to be statistically significant. All calculations were performed using SAS for 
windows V9.4 (SAS Institute, Inc., Cary, NC, usa).
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Results
Hydroxychloroquine suppressed endosomal  
TLR-induced IFNα and IL-6 release in vitro 
PBMCs were stimulated with endosomal TLR ligands in the presence of a 
dose range of HCQ for 24 hours, and supernatants were analyzed for IRF-
mediated IFNα and for NFκB-mediated IL-6 secretion. PBMCs were stimu-
lated with different endosomal TLR ligands: poly I:C (TLR3), imiquimod (TLR7), 
CpG class A (TLR9) and poly I:C lyovec (RIG-I). Hydroxychloroquine dose-de-
pendently inhibited endosomal TLR-induced IFNα and IL-6 secretion (Figure 
1). Poly I:C-induced IFNα and IL-6 release was strongly suppressed at 10.000 
ng/mL (IFNα: -83.9%, IL-6: -96.6%, IC50 IL-6 = 637.2 ng/mL). Imiquimod (IMQ)- 
induced cytokine release was completely suppressed at the highest con-
centration (IFNα: -96.3%, IL-6: -96.3%, IC50 IFNα: 695.8 ng/mL, IL-6: 237.9 ng/
mL). The same was observed for stimulation with CpG class A, IFNα was sup-
pressed by 99.6% with an IC50 of 145.3 ng/mL, and IL-6 was suppressed by 
96.4%, with an IC50 of 86.9 ng/mL. The RIG-I response to poly I:C/lyovec was 
less affected by HCQ, while IFNα release was suppressed by 66.1% at 10,000 
ng/mL HCQ, IL-6 release was not significantly altered. 

HCQ inhibited B cell proliferation but not T cell 
proliferation in vitro
PBMCs were stimulated with phytohaemagglutinin (PHA) or monoclonal an-
ti-CD40 with CpG-B to induce T cell and B cell proliferation respectively, in 
the presence of a dose range of HCQ. No effect of HCQ was seen on T cell 
proliferation (Figure 2A). Also, no effects were observed on T cell activation 
markers after PHA stimulation for 6 hours (Figure S1). At HCQ concentrations 
>100 ng/mL, a decrease in B cell proliferation was observed, with an IC50 
of 1138 ng/mL (Figure 2B).

Clinical study
Demographics and safety
Of the 40 enrolled and randomized healthy subjects, 20 received a cumula-
tive dose of 2400 mg HCQ in 5 days and 20 received placebo (Figure 3). The 
different age groups (18-30 and 65-75 years) were of equal size. Baseline 
characteristics are described in Table 1. All subjects completed their study 

treatment. One subject in the 65-75 years group erroneously took an addi-
tional 400 mg dose of HCQ on study day 2, after which the subject received 
400 mg doses (once daily) for two consecutive days to not exceed the cu-
mulative dose of 2400 mg. 

Treatment-emergent adverse events were transient, of mild severity 
and did not lead to study discontinuation. Adverse events were report-
ed more often by subjects in the active treatment arm (50%) compared 
to placebo (35%). Gastrointestinal complaints (20%) and dizziness (15%) 
were the most frequently reported adverse events in the active group. 
There were no findings of clinical concern following assessments of uri-
nalysis, hematology and chemistry laboratory tests, vital signs, physical 
examination and ECGs.22

Pharmacokinetics
Mean HCQ concentration time profiles in plasma are depicted in Figure 4A. 
Individual concentration profiles have been published previously.22 There 
were no significant differences in HCQ exposures between age groups 
(Figure 4B). Mean concentrations measured 27 hours after starting the treat-
ment course (day 1, 121.0 ± 40.54 ng/mL) were in a similar range to those 
measured on the last day of the treatment course (day 4, 109.2 ± 35.59 ng/
mL). 

Pharmacodynamics
Hydroxychloroquine did not affect circulating immune cells 
The effects of HCQ on different circulating cell populations, both abso-
lute as relative, were evaluated using flow cytometry. No apparent effects 
were seen on absolute values of total leukocytes, lymphocytes, mono-
cytes or neutrophils (Table S2), as well as CD14+ monocytes, CD19+ B cells, 
CD3+ T cells, CD4+ T cells and CD8+ T cells (Table S3). Furthermore, no ef-
fects were seen on relative T cell populations (CD3+) in general, nor on sub-
populations of T helper cells (CD4+), cytotoxic T cells (CD8+), and regulato-
ry T cells (CD4+CD25+CD127-). Similarly, no apparent treatment effects were 
observed in natural killer cells (CD56+), B cells (CD19+) and subpopulations 
of regulatory (CD5+CD1dhi), transitional (CD24hiCD38hi) and antibody se-
creting B cells (CD27+CD38+). Moreover, also in classical (CD14+), non-clas-
sical (CD16+) and intermediate (CD14+CD16+) monocytes and plasmacytoid 
dendritic cells (pDCs, HLA-DR+CD14-CD16-CD123+) no differences were found 
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between treatment groups. Also, between both age groups, no evident HCQ 
effects were observed (Table S3). 

In vivo hydroxychloroquine suppressed IFNα secretion 
following TLR7 stimulation, but not after TLR3, TLR9 or  
RIG-I-like receptor stimulation

To study the effects of HCQ on TLR/RIG-I-mediated IRF activation, PBMCs were 
stimulated with different endosomal TLR ligands: poly I:C (TLR3), imiquimod 
(TLR7), CpG class A (TLR9) and poly I:C lyovec (RIG-I). Overall, no HCQ effect 
was observed on IFNα responses (Figure 5), except for a significant suppres-
sion of IMQ-driven IFNα production (inhibition of -48.2%, CI95 -72.1% – -4.0%, 
p = 0.038). Poly I:C-driven IFNα release also appeared to be suppressed  
by HCQ, but not significantly (inhibition -34.2%, CI95 -57.7% – 7.5%, p = 0.091). 
No differences in HCQ effect on IFNα responses were observed between the 
young and elderly population (Figure S3). 

In vivo hydroxychloroquine significantly suppressed IL-6 
secretion after TLR7 stimulation, but not following TLR3,  
TLR9 or RIG-I-like receptor stimulation 

Activation of NFκB signaling via endosomal TLR and RIG-I-like ligands was 
assessed by measuring downstream IL-6 production (Figure 6). HCQ sig-
nificantly suppressed IMQ-driven IL-6 production (inhibition of -71.3%, CI95 
-84.7% – -46.1%, p = 0.0005). No significant HCQ effects were observed on IL-6 
production driven by CpG A (TLR9) and poly I:C (TLR3) stimulations (inhibition 
of -35.9%, CI95 -60. 3% – 3.6%, p = 0.068 and -37.7%, CI95 -62.6% – 3.7%,  
p = 0.067, respectively). No differences in HCQ effect on IL-6 responses were 
observed between the young and elderly population (Figure S3). 

In vivo hydroxychloroquine did not alter T cell activation 
To further investigate the potential immunomodulatory effect of HCQ on 
T cell activation, whole blood samples were incubated with PHA, which is 
known to induce a general T cell response.23 Hydroxychloroquine treatment 
did not modulate expression of T cell activation markers (CD25, CD69, CD71, 
CD154) following PHA-stimulation (Figure S3). In addition, PHA-induced secre-
tion of IL-2 and IFNγ was assessed, no apparent differences were observed 
between HCQ and placebo (Figure S4). 

Hydroxychloroquine did not alter ex vivo B and T cell 
proliferation after in vivo administration 

Proliferative capability of B cells was assessed by stimulating PBMCs ex vivo 
with anti-CD40 mAbs + CpG B ODNs, a known stimulus for human B cell 
activation.24

Following stimulation of PBMCs, the percentage of proliferative B cells 
in the HCQ-treated group was similar to that of the placebo group (70.47% 
at day 4 for placebo, 70.03% for HCQ) (Figure 7). In addition, PBMCs were 
stimulated with PHA to induce T helper cells (CD4+) and cytotoxic T cells 
(CD8+) proliferation. Proliferation of both CD4+ and CD8+ cells was com-
parable between the HCQ- and placebo-treated group (>95% for both 
groups for all time points for CD4, >92% for both groups for all time points 
for CD8). No differences were observed for B and T cell proliferation in the 
separate age groups (Figure S5). 

Discussion
Although HCQ is widely used for the treatment of autoimmune diseases, the 
exact mechanism behind its immunomodulatory properties remains un-
clear. In this study we therefore aimed to quantify the immunosuppressive 
effect of HCQ by studying the endosomal TLR response and lymphocyte pro-
liferation and activation both in in vitro experiments and in vivo in a ran-
domized placebo-controlled trial in healthy volunteers. 

In our in vitro experiments, HCQ dose-dependently inhibited TLR3-, 7- 
and 9-driven IL-6 and IFNα production, with profound effects at concen-
trations >100 ng/mL. These findings are in line with literature on TLR signal-
ing modulation by chloroquine.9,25 Limited data are available on the immu-
nomodulatory effect of HCQ/chloroquine on RIG-I signaling.26 RIG-I func-
tions as a cytosolic sensor of nucleic acids, inducing a type I IFN response 
after activation. HCQ inhibited the IFN responses in THP-1 cells transfected 
with RIG-I ligands,27 but this effect was not confirmed in cultures of human 
bronchial smooth muscle and epithelial cells.28,29 This is in line with the ob-
servations in the current study, which shows that HCQ only mildly mod-
ulated RIG-I-mediated IFNα production in PBMCs, without affecting IL-6 
release. Our results suggest that HCQ has a profound effect on endo-ly-
sosomal TLR functioning in vitro but affects the cytosolic RIG-I-mediated 
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pathway to a lesser degree. This could be explained by HCQ’s excessive af-
finity to the lysosomal intracellular compartment (expected to be 56,000-
fold higher than cytosol).30 

Hydroxychloroquine did not affect T cell activation in vitro. Although a 
dose-dependent inhibition of T cell proliferation by chloroquine follow-
ing stimulation with anti-CD3/CD28 has been described,31-33 we did not see 
any inhibitory effect of HCQ on T cell proliferation or expression of acti-
vation markers in our in vitro experiments. This may be explained by the 
fact that a different and more potent stimulus was used in this study (PHA), 
which might be more difficult to suppress. For B cell proliferation, on the 
other hand, a dose-dependent HCQ-mediated inhibition was observed in 
vitro, confirming previous research.34 Although the HCQ-mediated inhibi-
tion was not as strong as the inhibition of cytokine production (IC50 of 1138 
ng/mL for B cell proliferation vs 145-696 ng/mL for cytokine production), 
at concentrations > 100 ng/mL a clear HCQ-mediated decrease in B cell 
proliferation was found. 

While HCQ had strong immunosuppressive effects in vitro, especially 
at high concentrations, less pronounced ex vivo effects of the compound 
were observed in our clinical study. Compared to placebo, 5-day HCQ 
treatment did not significantly suppress B cell proliferation or ex vivo TLR-
driven IFNα and IL-6 secretion in PBMC cultures, except for a suppressive 
effect on TLR7-driven responses. The most likely explanation for this dis-
crepancy between in vitro and ex vivo is that there was insufficient drug 
exposure at the evaluated HCQ dose and regimen in the clinical study. By 
using a 5-day dose regimen of HCQ (the recommended off-label dose for 
COVID-19 at the time of study conduct), an average maximum plasma con-
centration of 121 ng/mL was reached. This concentration is considerably 
lower than plasma levels found in rheumatoid arthritis patients receiving 
HCQ treatment of 200 mg daily for a longer time period, which ranges from 
200-500 ng/mL.35-37 Peak exposures of 100-150 ng/mL from the clinical 
study translate into a maximal inhibitory effect of 20 to 50% in most cellu-
lar assays. In combination with the observed variability of the endpoints, 
such effects remain easily undetected. However, whole blood concen-
trations are expected to be approximately 2-to-7-fold higher than plas-
ma concentrations due to intracellular uptake in blood components,38-40 
which would make the concentrations more in range with the in vitro ex-
periments. Also, due to the large volume of distribution, and the high HCQ 

tissue concentrations as compared to plasma , immunosuppressive ef-
fects in specific tissues may be significant.39-42 Moreover, HCQ has a grad-
ual onset of action for HCQ, and is biologically active even after drug dis-
continuation.8 This would mean that the five-day treatment that was used 
in the current study is insufficient to detect ex vivo drug effects. Other stud-
ies, for example investigating HCQ effect in HIV patients, showed a discrep-
ancy between plasma levels and drug efficacy.43 

The widespread use of HCQ following the onset of the COVID-19 pan-
demic was the reason to initiate our experiments. The initial off-label use 
of HCQ was primarily based on studies that assessed in vitro antiviral ac-
tivity against SARS-CoV-2.44 However, there is also a longstanding hypoth-
esis that the immunomodulatory properties of chloroquine and HCQ could 
dampen immunopathology caused by viral infections such as influen-
za, Severe Acute Respiratory Syndrome (SARS), Middle East Respiratory 
Syndrome (MERS) and COVID-19 by suppressing the host immune re-
sponse.45-47 Use of HCQ in COVID-19 patients did not show evident favorable 
effects for clinical endpoints such as mortality and mechanical ventila-
tion for both prophylaxis and treatment.48 Our study provides mechanis-
tic insight in the immuno-modulatory effects of a HCQ dosing regimen that 
was used to treat COVID-19. We found that a 5-day treatment course of HCQ 
did not have extensive immuno-modulatory effect in healthy individuals. 
Hydroxychloroquine treatment only significantly inhibited TLR7 responses. 
In theory, inhibition of the TLR7-mediated innate response to viral agents 
may be disadvantageous during the initial stages of viral infection.49,50 
However, recent COVID-19 trials did not show an effect of HCQ treatment on 
disease incidence, and long-term HCQ use in rheumatoid arthritis is not 
associated with higher incidence of upper respiratory tract infections.51,52 

In conclusion, we showed extensive and profound immunomodulation 
by HCQ in vitro, however in a clinical study in healthy volunteers, the over-
all immunomodulatory effects of a 5-day HCQ treatment regimen of 2400 
mg were limited. The pharmacological activity of HCQ in autoimmunity re-
mains to be studied in greater detail, based on the assays as presented in 
our studies and at a therapeutic dose and regimen relevant for the con-
dition of interest.



Advances in clinical development for vaccines and therapeutics against respiratory virus infections118 Chapter 6  I mmunomodulation by hydroxychloroquine – a reverse translation study 119

30	 Derendorf H. Excessive lysosomal ion-trapping of 
hydroxychloroquine and azithromycin. International 
journal of antimicrobial agents 2020;55:106007-.

31	 Schmidt RL, Jutz S, Goldhahn K, et al. Chloroquine 
inhibits human CD4(+) T-cell activation by AP-1 
signaling modulation. Scientific reports 2017;7:42191.

32	 Landewe RB, Miltenburg AM, Verdonk MJ, et al. 
Chloroquine inhibits T cell proliferation by interfering 
with IL-2 production and responsiveness. Clin Exp 
Immunol 1995;102:144-51.

33	 Chloroquine’s Effect on T cell Proliferation 
[abstract]. 2019. (Accessed Accessed January 12, 
2022., at https://atcmeetingabstracts.com/abstract/
chloroquines-effect-on-t-cell-proliferation/.)

34	 Ma X, Dai Y, Witzke O, et al. Chloroquine Suppresses 
Effector B-Cell Functions and Has Differential 
Impact on Regulatory B-Cell Subsets. Frontiers in 
immunology 2022;13:818704.

35	 Walbi IA, Alqhtani H, Alqahtani F, et al. The 
relationship between hydroxychloroquine 
plasma concentration and COVID-19 outcomes in 
rheumatoid arthritis patients in Saudi Arabia. Saudi 
Pharmaceutical Journal 2022.

36	 Carmichael SJ, Charles B, Tett SE. Population 
Pharmacokinetics of Hydroxychloroquine in Patients 
With Rheumatoid Arthritis. Therapeutic Drug 
Monitoring 2003;25:671-81.

37	 Tett SE, Day RO, Cutler DJ. Concentration-effect 
relationship of hydroxychloroquine in rheumatoid 
arthritis--a cross sectional study. The Journal of 
rheumatology 1993;20:1874-9.

38	 Carlsson H, Hjorton K, Abujrais S, Ronnblom 
L, Akerfeldt T, Kultima K. Measurement of 
hydroxychloroquine in blood from SLE patients 
using LC-HRMS-evaluation of whole blood, plasma, 
and serum as sample matrices. Arthritis Res Ther 
2020;22:125.

39	 Tett SE, Cutler DJ, Day RO, Brown KF. A dose-
ranging study of the pharmacokinetics of hydroxy-
chloroquine following intravenous administration to 
healthy volunteers. Br J Clin Pharmacol 1988;26:303-13.

40	 Chakrabarti K, McCune WJ. Advances in the clinical 
use of hydroxychloroquine levels. Current Opinion in 
Rheumatology 2022;34.

41	 Popert AJ. Chloroquine: a review. Rheumatology and 
rehabilitation 1976;15:235-8.

42	 Liu Q, Bi G, Chen G, et al. Time-Dependent 
Distribution of Hydroxychloroquine in Cynomolgus 
Macaques Using Population Pharmacokinetic 
Modeling Method. Front Pharmacol 2020;11:602880.

43	 Savarino A, Shytaj IL. Chloroquine and beyond: 
exploring anti-rheumatic drugs to reduce immune 
hyperactivation in HIV/AIDS. Retrovirology 2015;12:51.

44	 Liu J, Cao R, Xu M, et al. Hydroxychloroquine, a 
less toxic derivative of chloroquine, is effective in 
inhibiting SARS-CoV-2 infection in vitro. Cell Discov 
2020;6:16.

45	 Paton NI, Lee L, Xu Y, et al. Chloroquine for influenza 
prevention: a randomised, double-blind, placebo 
controlled trial. Lancet Infect Dis 2011;11:677-83.

46	 Al-Bari MAA. Targeting endosomal acidification by 
chloroquine analogs as a promising strategy for the 
treatment of emerging viral diseases. Pharmacol Res 
Perspect 2017;5:e00293.

47	 Sinha N, Balayla G. Hydroxychloroquine and COVID-
19. Postgrad Med J 2020;96:550-5.

48	 Singh B, Ryan H, Kredo T, Chaplin M, Fletcher T. 
Chloroquine or hydroxychloroquine for prevention 
and treatment of COVID-19. Cochrane Database of 
Systematic Reviews 2021.

49	 Lund JM, Alexopoulou L, Sato A, et al. Recognition of 
single-stranded RNA viruses by Toll-like receptor 7. 
Proc Natl Acad Sci usa 2004;101:5598-603.

50	 In ’t Veld AE, Jansen MAA, Ciere LCA, Moerland 
M. Hydroxychloroquine Effects on TLR Signalling: 
Underexposed but Unneglectable in COVID-19. J 
Immunol Res 2021;2021:6659410.

51	 Lamontagne F, AgoritSAS T, Siemieniuk R, et al. A 
living WHO guideline on drugs to prevent COVID-19. 
BMJ 2021;372:n526.

52	 Kremer JM, Reed G, Pappas DA, et al. 
Hydroxychloroquine and the risk of respiratory 
infections among RA patients. RMD Open 2020;6.

References

1	 Rempenault C, Combe B, Barnetche T, et al. Clinical 
and Structural Efficacy of Hydroxychloroquine in 
Rheumatoid Arthritis: A Systematic Review. Arthritis 
Care & Research 2020;72:36-40.

2	 Ponticelli C, Moroni G. Hydroxychloroquine in 
systemic lupus erythematosus (SLE). Expert opinion 
on drug safety 2017;16:411-9.

3	 Wang X, Zhang T, Guo Z, et al. The Efficiency of 
Hydroxychloroquine for the Treatment of Primary 
Sjögren’s Syndrome: A Systematic Review and Meta-
Analysis. Front Pharmacol 2021;12.

4	 Ulander L, Tolppanen H, Hartman O, et al. 
Hydroxychloroquine reduces interleukin-6 levels 
after myocardial infarction: The randomized, 
double-blind, placebo-controlled OXI pilot trial. 
International journal of cardiology 2021;337:21-7.

5	 Axfors C, Schmitt AM, Janiaud P, et al. Mortality 
outcomes with hydroxychloroquine and chloroquine 
in COVID-19 from an international collaborative 
meta-analysis of randomized trials. Nature 
communications 2021;12:2349.

6	 Mauthe M, Orhon I, Rocchi C, et al. Chloroquine 
inhibits autophagic flux by decreasing 
autophagosome-lysosome fusion. Autophagy 
2018;14:1435-55.

7	 Lotteau V, Teyton L, Peleraux A, et al. Intracellular 
transport of class II MHC molecules directed by 
invariant chain. Nature 1990;348:600-5.

8	 Schrezenmeier E, Dörner T. Mechanisms of action of 
hydroxychloroquine and chloroquine: implications 
for rheumatology. Nature Reviews Rheumatology 
2020;16:155-66.

9	 Kuznik A, Bencina M, Svajger U, Jeras M, Rozman B, 
Jerala R. Mechanism of endosomal TLR inhibition by 
antimalarial drugs and imidazoquinolines. Journal of 
immunology (Baltimore, Md : 1950) 2011;186:4794-804.

10	 Willis R, Seif AM, McGwin G, Jr., et al. Effect of 
hydroxychloroquine treatment on pro-inflammatory 
cytokines and disease activity in SLE patients: data 
from LUMINA (LXXV), a multiethnic US cohort. Lupus 
2012;21:830-5.

11	 Jang C-H, Choi J-H, Byun M-S, Jue D-M. Chloroquine 
inhibits production of TNF-α, IL-1β and IL-6 from 
lipopolysaccharide-stimulated human monocytes/
macrophages by different modes. Rheumatology 
2006;45:703-10.

12	 Silva JCd, Mariz HA, Rocha LFd, Jr., et al. 
Hydroxychloroquine decreases Th17-related 
cytokines in systemic lupus erythematosus and 
rheumatoid arthritis patients. Clinics (Sao Paulo) 
2013;68:766-71.

13	 Gardet A, Pellerin A, McCarl CA, et al. Effect of in vivo 
Hydroxychloroquine and ex vivo Anti-BDCA2 mAb 
Treatment on pDC IFNα Production From Patients 
Affected With Cutaneous Lupus Erythematosus. 
Frontiers in immunology 2019;10:275.

14	 Torigoe M, Sakata K, Ishii A, Iwata S, Nakayamada S, 
Tanaka Y. Hydroxychloroquine efficiently suppresses 
inflammatory responses of human class-switched 
memory B cells via Toll-like receptor 9 inhibition. 
Clinical immunology (Orlando, Fla) 2018;195:1-7.

15	 Brauner S, Folkersen L, Kvarnstrom M, et al. H1N1 vac-
cination in Sjogren’s syndrome triggers polyclonal B 
cell activation and promotes autoantibody produc-
tion. Ann Rheum Dis 2017;76:1755-63.

16	 Goldman FD, Gilman AL, Hollenback C, Kato RM, 
Premack BA, Rawlings DJ. Hydroxychloroquine 
inhibits calcium signals in T cells: a new mechanism 
to explain its immunomodulatory properties. Blood 
2000;95:3460-6.

17	 Wu SF, Chang CB, Hsu JM, et al. Hydroxychloroquine 
inhibits CD154 expression in CD4(+) T lymphocytes 
of systemic lupus erythematosus through NFAT, but 
not STAT5, signaling. Arthritis research & therapy 
2017;19:183.

18	 Kim ML, Hardy MY, Edgington-Mitchell LE, et al. 
Hydroxychloroquine inhibits the mitochondrial 
antioxidant system in activated T cells. iScience 
2021;24:103509.

19	 Le Couteur DG, McLachlan AJ, de Cabo R. Aging, 
Drugs, and Drug Metabolism. The Journals of 
Gerontology: Series A 2011;67A:137-9.

20	 Mangoni AA, Jackson SHD. Age-related changes 
in pharmacokinetics and pharmacodynamics: 
basic principles and practical applications. Br J Clin 
Pharmacol 2004;57:6-14.

21	 Klein SL, Flanagan KL. Sex differences in 
immune responses. Nature Reviews Immunology 
2016;16:626-38.

22	 Eveleens Maarse BC, Graff C, Kanters JK, et al. Effect 
of hydroxychloroquine on the cardiac ventricular 
repolarization: A randomized clinical trial. Br J Clin 
Pharmacol 2021.

23	 Nowell PC. Phytohemagglutinin: an initiator of 
mitosis in cultures of normal human leukocytes. 
Cancer Res 1960;20:462-6.

24	 Carpenter EL, Mick R, Ruter J, Vonderheide RH. 
Activation of human B cells by the agonist CD40 
antibody CP-870,893 and augmentation with 
simultaneous toll-like receptor 9 stimulation. J Transl 
Med 2009;7:93.

25	 Macfarlane DE, Manzel L. Antagonism of 
Immunostimulatory CpG-Oligodeoxynucleotides 
by Quinacrine, Chloroquine, and Structurally 
Related Compounds. The Journal of Immunology 
1998;160:1122-31.

26	 Gies V, Bekaddour N, Dieudonne Y, et al. 
Beyond Anti-viral Effects of Chloroquine/
Hydroxychloroquine. Front Immunol 2020;11:1409.

27	 An J, Woodward JJ, SASaki T, Minie M, Elkon KB. 
Cutting edge: Antimalarial drugs inhibit IFN-
beta production through blockade of cyclic 
GMP-AMP synthase-DNA interaction. J Immunol 
2015;194:4089-93.

28	 Calvén J, Yudina Y, Hallgren O, et al. Viral stimuli 
trigger exaggerated thymic stromal lymphopoietin 
expression by chronic obstructive pulmonary 
disease epithelium: role of endosomal TLR3 and 
cytosolic RIG-I-like helicases. Journal of innate 
immunity 2012;4:86-99.

29	 Calvén J, Yudina Y, Uller L. Rhinovirus and dsRNA 
induce RIG-I-like receptors and expression of 
interferon β and λ1 in human bronchial smooth 
muscle cells. PloS one 2013;8:e62718.



Advances in clinical development for vaccines and therapeutics against respiratory virus infections120 Chapter 6  I mmunomodulation by hydroxychloroquine – a reverse translation study 121

table 1 B aseline characteristics.

Hydroxychloroquine Placebo

Age group 18-30 yrs 
(n=10)

Age group 65-75 yrs 
(n=10)

Age group 18-30 yrs 
(n=10)

Age group 65-75 yrs 
(n=10)

Age, median 
(range) 

23 (20-26) 68 (65-70) 23 (18-25) 68 (65-71) 

BMI, mean (SD) 21.8 (1.5) 25.8 (2.0) 24.4 (1.9) 24.2 (3.0)

Race or ethnicity*, n (%)

White 10 (100) 10 (100) 10 (100) 10 (100)

Other 0 (0) 0 (0) 0 (0) 0 (0)

*Self-reported race or ethnicity of subjects. BMI = body mass index; SD = standard deviation. 

figure 1 H CQ dose-dependently inhibited endosomal TLR induced IFNα and IL-6 release in vitro. 
PBMCs were 182 stimulated with 50 μg/mL PolyI:C (TLR3), 1 μg/mL IMQ (TLR7), 2.5 μM CpG-A (TLR9) or  
1 μg/mL Poly I:C/lyovec (RIG-I) for 24 hours in the presence of a dose range of HCQ. IFNα and IL-6 release 
were measured by ELISA. The mean ± SD of the change from baseline of 6 subjects is shown. The IC50 was 
calculated using a four parameter non-linear regression fit where applicable.
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figure 2 H CQ dose-dependently inhibited B cell, but not T cell proliferation in vitro. PBMCs from 
6 healthy donors were stained with CTV and stimulated for 5 days with 5mg/ml PHA for T cell proliferation 
(A), or 5 mg/mL anti-195 CD40 mAb + 2.5 mM CpG B for B cell proliferation (B). Proliferation was measured 
by flow cytometry. The mean ± SD of the change from baseline are shown. The IC50 was calculated using 
a four-parameter non-linear regression fit where applicable. 

 
 
 
 
 
 

figure 3 T rial flow chart (CONSORT diagram).

*Drug concentrations were only analyzed in the active treatment group. 
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Assessed for eligibility (n=111) 

Excluded  (n= 71) 
   Not meeting inclusion criteria (n=48) 
   Declined to participate (n=8) 
   Not included because enrollment 

was already completed (n=15) 

Analysed  (n= 20) 
 Pharmacodynamic subset (n=20) 
 Pharmacokinetic subset* (n=20) 
 Safety subset (n=20) 

 

Lost to follow-up (n=0) 
Discontinued intervention (give reasons) (n=0) 

Allocated to hydroxychloroquine (n=20) 
 Age group 18–30 years (n=10)  
 Age group 65–75 years (n=10)  

Lost to follow-up (n=0) 
Discontinued intervention (give reasons) (n=0) 

Allocated to placebo (n=20) 
 Age group 18–30 years (n=10)  
 Age group 65–75 years (n=10)  
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 Pharmacokinetic subset* (n=0) 
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Randomized (n=40) 

figure 4 P harmacokinetic profile of HCQ. Mean and standard deviation of hydroxychloroquine 
plasma concentrations for HCQ treatment group (left), and split for young and elderly volunteers (right). 
 
  
 
 
 
 
 
 
 
 
 
 
 

Dotted vertical lines indicate timing of HCQ dosing (0, 12, 24, 48, 72, 96 hrs).



Advances in clinical development for vaccines and therapeutics against respiratory virus infections124 Chapter 6  I mmunomodulation by hydroxychloroquine – a reverse translation study 125

figure 5 I n vivo HCQ inhibited IMQ-induced IFNα release, but not TLR3, TLR9 and RIG-I.	 PBMCs were 
stimulated with 50 μg/mL Poly I:C (TLR3), 1 μg/mL IMQ (TLR7), 2.5μM CpG A (TLR9) or 1 μg/mL poly I:C/lyovec 
(RIG-I) at 0, 12, 24, 48, 72 and 92 hours after primary HCQ dosing. IFNα release was measured by ELISA.

Data is shown as mean + SD as one-sided error bars. Dotted vertical lines indicate HCQ dosing times.

figure 6 I n vivo HCQ inhibited IMQ-induced IL-6 release, but not TLR3, TLR9 and RIG-I. PBMCs were 
stimulated with 50 μg/mL Poly I:C (TLR3), 1 μg/mL IMQ (TLR7), 2.5μM CpG A (TLR9) or 1 μg/mL poly I:C/lyo- 
vec (RIG-I) at 0, 12, 24, 48, 72 and 92 hours after primary HCQ dosing. IFNα release was measured by ELISA. 

Data is shown as mean + SD as one-sided error bars. Dotted vertical lines indicate HCQ dosing times.

0 1 2 3 4 5 6 7 8 9 10
0

100

200

300

Poly I:C

time (days)

IL
-6

(p
g/

m
L)

0 1 2 3 4 5 6 7 8 9 10
0

100

200

300

IMQ

time (days)

IL
-6

(p
g/

m
L)

0 1 2 3 4 5 6 7 8 9 10

0

50

100

150

CpG A

time (days)

IL
-6

(p
g/

m
L)

0 1 2 3 4 5 6 7 8 9 10

0

20

40

60

Poly I:C/lyovec

time (days)

IL
-6

(p
g/

m
L)

HCQ
Placebo



Advances in clinical development for vaccines and therapeutics against respiratory virus infections126

figure 7 I n vivo HCQ did not affect T and B cell proliferation.PBMCs were stained with CTV and 
stimulated for 5 days with 5μg/ml PHA for T cell proliferation (A), or 5 μg/mL anti-CD40 mAb + 2.5 
μM CpG B for B cell proliferation (B). Proliferation was measured by flow cytometry. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Data is shown as mean + SD. Dotted vertical lines indicate HCQ dosing times
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