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Abstract

Background: Vaccines for SARS-CoV-2 have been considerably effective in reducing rates 

of infection and severe COVID-19. However, many patients, especially those who are 

immunocompromised due to cancer or other factors, as well as individuals who are unable to 

receive vaccines or are in resource-poor countries, will continue to be at risk for COVID-19. 

We describe clinical, therapeutic, and immunologic correlatives in two patients with cancer and 

severe COVID-19 who were treated with leflunomide after failing to respond to standard-of-care 

comprising remdesivir and dexamethasone. Both patients had breast cancer and were on therapy 

for the malignancy.

Methods: The protocol is designed with the primary objective to assess the safety and tolerability 

of leflunomide in treating severe COVID-19 in patients with cancer. Leflunomide dosing consisted 

of a loading dose of 100 mg daily for the first three days, followed by daily dosing, at the assigned 

dose level (Dose Level 1: 40 mg, Dose Level −1, 20 mg; Dose Level 2, 60 mg), for an additional 

11 days. At defined intervals, serial monitoring of blood samples for toxicity, pharmacokinetics, 

and immunologic correlative studies were performed, as well as nasopharyngeal swabs for PCR 

analysis of SARS-CoV-2.
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Results: Preclinically, leflunomide impaired viral RNA replication, and clinically, it led to a 

rapid improvement in the two patients discussed herein. Both patients completely recovered, 

with minimal toxicities; all adverse events experienced were considered unrelated to leflunomide. 

Single-cell mass-cytometry analysis showed that leflunomide increased levels of CD8+ cytotoxic 

and terminal effector T cells and decreased naïve and memory B cells.

Conclusions: With ongoing COVID-19 transmission and occurrence of breakthrough infections 

in vaccinated individuals, including patients with cancer, therapeutic agents that target both the 

virus and host inflammatory response would be helpful despite the availability of currently 

approved anti-viral agents. Furthermore, from an access to care perspective, especially in resource-

limited areas, an inexpensive, readily available, effective drug with existing safety data in humans 

is relevant in the real-world setting.
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Background

Vaccines for SARS-CoV-2, the causative agent of COVID-19, have been considerably 

effective in reducing rates of infection and severe COVID-19. However, many individuals, 

including some patients with cancer, people who are unable to receive vaccines, or 

individuals in resource-poor countries, where access to antiviral medications, monoclonal 

antibodies, and vaccines is limited, will continue to be at risk for COVID-19. In infected 

patients, the non-specific innate immune response is followed by adaptive immunity 

mediated by both B cells and T cells,1 but patients with cancer and other disorders may 

be impacted by a dysregulated immune response.

Leflunomide is an FDA-approved, oral agent that has been commercially available since 

1998. It is used for the treatment of rheumatoid arthritis as a single agent or in combination 

with methotrexate. Its primary mechanism of action is inhibiting de novo pyrimidine 

synthesis by targeting dihydroorotate dehydrogenase (DHODH)2, with an anti-proliferative 

effect in B- and T-lymphocytes3. Teriflunomide is the active primary metabolite of 

leflunomide.

Host-targeting antiviral drugs may be appealing by targeting the host machinery exploited 

by the virus, thereby potentially applying to a wide range of viruses and viral strains. To 

this end, repurposed drugs are especially suitable, as many of the extensive preclinical 

validation and toxicity studies have already been performed. As a DHODH inhibitor, 

leflunomide is worthy of study for SARS-CoV-2, an RNA virus, particularly because of 

the virus’s high content of uracil4, one of the two nucleobases inhibited by leflunomide. 

Leflunomide has been used in difficult-to-treat cytomegalovirus infections in patients 

undergoing hematopoietic cell transplantation and in polyoma virus (BK virus) hemorrhagic 

cystitis when no alternatives are available.
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Methods

The protocol is designed as a phase 1/2 trial with the primary objective to assess the 

safety and tolerability of leflunomide in treating severe COVID-19 in patients with cancer 

(NCT04532372). The study was performed in accordance with the provisions of the 

Declaration of Helsinki and approved by the City of Hope Institutional Review Board. All 

participants gave written informed consent. Leflunomide dosing comprised a loading dose 

of 100 mg daily for the first three days, followed by daily dosing at the assigned dose level 

(Dose Level 1: 40 mg, Dose Level −1, 20 mg; Dose Level 2, 60 mg), for an additional 11 

days. At defined intervals, serial monitoring of blood samples for toxicity, pharmacokinetics, 

and immunologic correlative studies were performed, as well as nasopharyngeal swabs for 

PCR analysis of SARS-CoV-2.

Primary samples

Biospecimen collection and immunological analyses are detailed in Supplemental Materials. 

Briefly, peripheral blood from healthy donors was obtained from the institutional 

hematopoietic tissue repository. Specifically, the cellular fraction of the peripheral blood 

mononuclear cells (PBMCs) was isolated using Ficoll-Paque Plus (GE, Healthcare, Life 

Science) following the manufacturer’s instructions.

Mass cytometry (CyTOF) staining and acquisition

A total of 2–4×106 PBMCs were stained with a panel containing 30 metal-conjugated 

antibodies (Sup. Table 1) according to Fluidigm’s protocol for Maxpar Antibody Labeling 

(PRD002 Rev 12). PBMCs derived from the clinical trial were stained with Fluidigm’s 

Maxpar Direct Immune Profiling Assay Cell Staining (PN 400286 B1). Samples were 

acquired, exported as FCS files, and normalized on Fluidigm’s Helios (Software 7.0.5189).

CyTOF analysis

Non-custom panel analysis was analyzed using Maxpar Pathsetter™ software powered by 

GemStone 2.0.41, Verity Software House, Topsham, Maine. (Version 2.0.45). The FCS 

files were also analyzed using FlowJo™ Software (Windows edition, Version 10.6. Becton 

Dickinson Company; 2019), and the Cytobank© platform (https://www.cytobank.org) 

(Cytobank, Inc., Mountain View, CA) was used for gating, tSNE plotting, and FlowSOM.

Pharmacokinetic analysis

Pharmacokinetic sampling was performed per protocol during active treatment with 

leflunomide. Samples were collected prior to initiation of drug administration, daily for days 

+1 to +7 of treatment, and subsequently daily if the subject was hospitalized, or during visits 

if the subject was outpatient. Plasma was analyzed for total (bound and unbound) and free 

(unbound) teriflunomide concentrations using a previously described LC-MS/MS method5. 

Briefly, following addition of a deuterated teriflunomide internal standard, plasma (total 

drug) or ultrafiltered plasma (free drug) samples were prepared by protein precipitation 

using 3:1 ice cold methanol. The resulting protein-free plasma or ultrafiltered plasma was 

further diluted 10,000-fold with 0.5 mM ammonium acetate, 0.025% formic acid in 75% 
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methanol, and 10 μl was injected for analysis. The lower limits of quantitation of the assay 

were 30 μg/ml and 30 ng/ml in plasma and ultrafiltered plasma, respectively.

DLT definitions

Dose limiting toxicity (DLT) was defined as any of the following toxicities that were at least 

possibly related to leflunomide:

• Hematologic DLT events (any adverse events [AEs] considered at least possibly 

attributable to study treatment:

– For patients with solid tumor malignancies, all grade 3 or 4 hematologic 

AEs

– For patients with hematologic malignancies, the following AEs would 

be considered DLTs if they were determined as not attributable to 

underlying hematological malignancy

♦ Grade 4 neutropenia (absolute neutrophil count [ANC] <500/

mm3);

♦ Grade 3 or 4 febrile neutropenia;

♦ Grade 4 thrombocytopenia (<25,000/mm3);

♦ Grade 3 thrombocytopenia (<50,000/mm3) with bleeding;

• Non-Hematologic AEs (any treatment emergent AEs):

– ≥ Grade 3 non-hematologic toxicity excepting the following:

♦ Alopecia;

♦ Grade 3 nausea/vomiting/diarrhea for less than 72 hours 

treated with adequate antiemetic and other supportive care;

♦ Grade 3 fatigue for < 1 week

♦ ≥ Grade 3 electrolyte abnormalities that are not clinically 

complicated and resolve spontaneously or to conventional 

medical interventions within 72 hours

♦ ≥ Grade 3 amylase or lipase elevation not associated with 

symptoms or clinical manifestations of pancreatitis

– Treatment-emergent increase in serum ALT or AST to > 3x ULN 

associated with an increase in serum total bilirubin to > 2x ULN 

(consistent with Hy’s Law).

• Any treatment-emergent Grade 5 AE that occurs during the 28-day treatment 

period that is not due to underlying malignancy would be considered a DLT.

Cholestyramine

Leflunomide is reabsorbed from the gastrointestinal tract and consequently is detectable in 

the body for up to 2 years. Cholestyramine, a bile acid sequestrant, fixes the metabolite, 
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preventing reabsorption and expediting drug elimination. We administered cholestyramine 

daily starting on day 29 until plasma levels of teriflunomide were less than 0.02 mg/L by 

two separate measurements 14 days apart.

Cell culture

Multiple myeloma (MM) cell lines MM.1S and U266 were purchased from ATCC. All cell 

lines were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum 

(FBS) (Cat. #019K8420, Sigma), 100 IU/mL penicillin, and 100 μg/mL streptomycin 

(Cat.#15140–122, Gibco).

Immunoblotting

Cells lyses in RIPA buffer (89901, Thermo Scientific) were supplemented with protease 

and phosphatase inhibitors, and then sonicated (30” Pulse ON 02” Pulse OFF 03” 

60% amplification). Lysates were then clarified by spinning at 14,000 rpm at 4°C 

and protein concentration quantified by BCA Protein Assay (23227, Thermo Scientific). 

Forty micrograms of proteins were denatured in boiling SDS sample buffer, resolved 

on 4%−20% gradient gels (Cat.# 5671093, Bio-Rad), and transferred to nitrocellulose 

membranes (Cat.# 1704271 Bio-Rad). After blocking nonspecific binding of antibody with 

5% BSA (Fisher BioReagents), blots were probed with anti-RV σ-NS (1:1000; provided 

by Oncolytics Biotech Inc.) to assess viral replication for σ1 protein, or GAPDH (Cat.# 

sc-32233, Santa Cruz Biotechnology) as internal control. Blots were washed three times 

for 15 minutes with TBST 1X and stained with horseradish peroxidase (HRP)-conjugated 

secondary antibodies (diluted 1:4000) for 2hrs at room temperature. Primary antibodies were 

detected by binding with secondary antibodies donkey anti-goat IgG (H+L) (Cat.# A16005, 

Invitrogen) and goat anti-mouse IgG-HRP (NA931, GE Healthcare), and using an enhanced 

chemiluminescent visualization system (Cat.#RPN2209 ECL Western Blotting Detection 

Reagents, GE Healthcare). Primary and secondary antibodies were diluted according to the 

manufacturer instructions. The bands were quantified by densitometry analyses using Image 

Lab program (Biorad) and normalized to GAPDH.

RNA isolation and analysis

Total cellular RNA was extracted by using TRIZOL reagent (Cat. #15596018 Invitrogen 

Corporation) and RNA Clean-Up and Concentration Kit (Cat. #43200 Norgen) according 

to the manufacturer’s protocols. cDNA synthesis was performed by using the High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Cat# 4368814). Reverse 

transcription reactions were run using a Mastercycler pro. Quantitative real time-PCR 

(qRT-PCR) was performed with the TaqMan method (Applied Biosystems), according to 

the manufacturer’s instructions. The appropriate TaqMan probes for mRNA quantification 

were purchased from Applied Biosystems, and all reactions were performed in triplicate. 

The following probes were used: (HS99999905_m1) GAPDH used as endogenous control; 

(HS00989291_m1) INF-γ; (Hs00961622 m1) IL-10; (Hs00174131 m1) IL-6; (Hs01077958 

S1) IFNB1; (Hs00174128 m1) TNFalpha; (Hs00265051 S1) IFNA2.

For the quantification of viral RNA of genomes extracted from infected PBMCs from 

healthy donors and MM cell lines, q-RT-PCR reactions were conducted using the 
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PowerUp SYBR Green Master Mix (Applied Biosystems Cat.# 4367659) according to the 

manufacturer’s instructions and the following primers: Reo9: 5′-TG CGC AAG AGG CAG 

CAA TCG-3′ and Reo10: 5′-TT CGC GGG CCT CGC ACA TTC-3′; GAPDH FD: 5′- 
CTG CAC CAC CAA CTG CTT −3′ and GAPDH RV: 5′- CAT GAC GGC AGG TCA 

GGT −3′.

Cytokine measurements

Samples were analyzed for 30 cytokines using the Human Cytokine Thirty-Plex Antibody 

Magnetic Bead Kit (Invitrogen, Camarillo, CA) as per the manufacturer’s protocol. Briefly, 

Invitrogen’s multiplex bead solution was vortexed for 30 seconds, and 25 μl was added 

to each well of a flat-bottom 96 well microplate. Samples (e.g., plasma) were diluted 1:2 

with assay diluent and loaded into the wells containing 50 μl of incubation buffer. Cytokine 

standards were reconstituted with assay diluent, and serial dilutions of cytokine standards 

were prepared in parallel and added to the plate. Plates were incubated on a shaker at 500 

rpm in the dark at room temperature for 2 hours. The plate was then applied to a magnetic 

capture device and washed three times with 200 μl of wash buffer. After the final wash, 

200 μl of a biotinylated detection antibody mixture was added to each well, and the plate 

was incubated on a shaker for 1 hour. After washing again three times with 200 μl of wash 

buffer, streptavidin-phycoerythrin (100 μl) was added to the wells. The plate was incubated 

on a plate shaker for another 30 minutes and washed three times, after which the beads 

were resuspended in 150 μl of wash buffer and shaken for 1 minute. Finally, the assay 

plate was transferred to a Flexmap 3D Luminex system (Luminex Corp, Austin, TX) for 

analysis. Cytokine concentrations were calculated using Bio-Plex Manager 6.0 software with 

a five parameter curve-fitting algorithm applied for standard curve calculations for duplicate 

samples.

Results and Discussion

Previously data have demonstrated the preclinical anti-viral activity of DHODH inhibitors 

against RNA viruses such as influenza, Ebola, and Zika viruses, as well as SARS-CoV-26. 

In support of the importance of DHODH in viral replication, viral growth was largely 

inhibited in DHODH knockout cells, and addition of uracil and cytosine (the pyrimidine 

bases) restored viral activity6.

Reovirus serotype 3–dearing strain (RV) is a naturally occurring, ubiquitous, nonenveloped 

human reovirus with a genome that consists of 10 segments of double-stranded RNA. 

As with SARS-CoV-2, RV can infect human and animals and never passes through a 

DNA phase. It actively replicates its RNA genome and induces a strong anti-viral immune 

response. The two viruses primarily differ in the composition of the envelope and the fact 

that coronaviruses need to synthetize the RNA negative strand before initiating transcription. 

Our preliminary data show that leflunomide significantly arrested RV productive infection 

in cancer cells, as shown by decreased capsid formation and genome replication (Sup. Fig. 

1A–F). Impairment in viral replication was also observed when PBMCs were treated with 

teriflunomide, the active metabolite of leflunomide, in combination with RV, compared to 

the virus alone (Sup. Fig. 1G–H). Our data also show that, in the ex vivo setting, the 
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addition of teriflunomide to RV-infected PBMCs significantly decreased the expression of 

highly inflammatory cytokines such as IL-6 and GM-CSF (Sup. Fig. 1I–J) but concomitantly 

enhanced the anti-viral interferon I (IFN-α and IFN-β) response and TNF-α (Sup. 

Fig. 1K–L–M). The antiviral activity of leflunomide aligns with the experience of the 

drug as an agent against cytomegalovirus (CMV) and polyoma BK virus infections in 

immunocompromised hosts7,8.

We furthermore describe our findings of two patients with breast cancer who were admitted 

to our COVID unit after worsening shortness of breath due to COVID-19. Both patients’ 

oxygen levels decreased to below 90%, requiring high-flow oxygen. Computed tomography 

(CT) of the chest revealed multifocal pneumonia in both patients (Fig. 1A–B). The patients 

began treatment with remdesivir, dexamethasone, cefepime, and azithromycin, with minimal 

improvement. No co-infections were identified, and the clinical condition was due to 

COVID-19.

We administered leflunomide to both patients following informed consent and confirmation 

of eligibility to participate in the clinical trial. After loading with leflunomide with a 

dose of 100 mg daily × 3 days, the patients received 40 mg daily for 11 additional days. 

Leflunomide is reabsorbed from the gastrointestinal tract and consequently is detectable in 

the body for up to 2 years. Cholestyramine, a bile acid sequestrant, fixes the metabolite, 

preventing reabsorption and expediting drug elimination. We administered cholestyramine 

daily starting on day 29 until plasma levels of teriflunomide were less than 0.02 mg/L 

by two separate measurements 14 days apart. Plasma concentrations of teriflunomide were 

also measured throughout the treatment period in both patients as previously described9. 

Maximum plasma concentrations

(Cmax) achieved in the two subjects were 252.4 and 152.3 μmol/L, respectively, and the 

areas-under-the-curve (AUC) were 5598.0 and 3498.1 μmol/L × day. As shown in the 

concentration-versus-time plots (Sup. Fig. 2A), plasma concentrations were maintained 

above the in vitro EC50 against SARS-CoV-2 (26 μmol/L)6 for >36 days.

The patients had rapid improvement in symptoms and oxygenation and experienced a 

complete recovery as clearly shown from the CT scans of the lung before and after 

combination therapy that included leflunomide (Fig. 1A–B). The adverse events that 

were observed were minimal and considered unrelated to leflunomide. These findings are 

consistent with a pilot study in which 15 patients given leflunomide had improved viral 

clearance and hospital discharge rate when compared to 12 patients in a control arm10. 

Because leflunomide is an immune suppressive drug, which could potentially impair its 

anti-viral activity, we decided to follow the immune changes of these patients during and 

after the course of treatment. A 30-marker single cell mass cytometry (CyTOF) antibody 

panel (Sup. Table 1) designed to identify twenty different immune compartments (Sup. Table 

2) was used to perform a longitudinal high dimensional immune profiling (Fig. 2A and Sup. 

Fig. 2B–C).

In both patients, we observed a substantial decrease in the total number of B cells 

following leflunomide treatment (Fig. 2B and Sup. Fig. 2D) (Sup. Tables 3 and 4). This 
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finding is consistent with the regulatory activity of leflunomide on B cell proliferation 

that was previously observed in animals11. Although leflunomide has been considered an 

immunosuppressive drug by inhibiting cellular and humoral mediated responses12, in both 

patients, we observed a robust expansion in CD8+ cytotoxic T cells after 5 days from 

the initial dosing. This effect further increased upon subsequent doses, reaching maximum 

expansion at around 21 days after the initial treatment (Fig. 2C and Sup. Fig. 2E–G). 

Among the CD8+ cytotoxic T cells, the major increase was observed in the effector memory 

(EM) and in the CD45RA+ terminal effector T cell population (TEMRA CD8+) (Fig. 2D), 

whereas the other T cell populations, including naïve and central memory (CM), were 

nearly unaffected. These data are wholly aligned with recently published data13 showing 

that expansion of CD8+ cytotoxic T cells, including long lived, antigen-experienced T cells 

(CD45RA+), contribute to SARS-CoV-2 recovery in cancer patients. Intriguingly, in three 

patients with relapsed multiple myeloma enrolled in our single agent leflunomide phase 1 

trial9, we observed that leflunomide elicited the same immune stimulatory effect on CD8+ 

cytotoxic T cells (unpublished data), further supporting an unexpected immune stimulatory 

role of this agent in cancer patients.

Although changes in the percentage of total CD4+ T cells differed among the two patients, 

both patients showed an increase in CD4+ TEMRA cells, while instead an increase in CM 

and EM CD4+ T cells was only present in the second patient (Fig. 2D and Sup. Fig. 2H–J).

An increase in pro-inflammatory CD16+ cells, such as intermediate and non-classical 

monocytes, was additionally observed in both patients, but the classical monocyte 

population remained almost unchanged (Sup. Fig. 3A–G). In line with our observation 

that leflunomide appears to generally increase anti-viral T cell responses, we also noted a 

consistent increase among the two patients in total NKT (Sup. Fig. 3H–I) and TCR yδ cells 

(Sup. Fig. 3J–K), which play a pivotal role in countering viral infection14. A robust increase 

in the NK cell population, specifically in mature NK cells, over the course of the study was 

noted in the first patient (Sup. Fig. 4A–E).

Consistent with the decrease in the B cell population, the immunoglobulin profile showed a 

decrease in total IgM levels in the first patient (Sup. Fig. 5A), an effect that was previously 

associated with a relatively rapid recovery from COVID-1915. This effect was observed 

seven days after the patient began leflunomide treatment, while total IgG levels remained 

mostly unchanged (Sup. Fig. 5B). A decrease in IgM levels was instead not observed in the 

second patient (Sup. Fig. 5C–D).

A cytokine array showed that leflunomide treatment decreased soluble IL2R (Sup. Fig. 5E–

F); high levels are regularly associated with inhibition of CD8+ cytotoxic T cells and high 

rates of hospitalization and mortality16.

Consistent with previously published data, here we show that leflunomide affects B cell 

proliferation17, and for the first time report that leflunomide stimulates anti-viral activity 

by promoting innate immunity. Our patients treated on a leflunomide protocol had rapid 

improvements that were coupled with temporal and favorable changes in immunologic 

response. An important limitation is the small number of patients enrolled to date; however, 
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the data align with two pilot studies comparing leflunomide to leflunomide plus institutional 

standard of care, one showing that leflunomide plus standard of care conferred favorable 

SARS-CoV-2 clearance and hospital discharge10, and the other demonstrating a shorter 

duration of viral shedding and a reduction in C-reactive protein18. A third study assigned 

patients to either leflunomide or leflunomide plus IFNα and found no statistically significant 

difference in terms of duration of viral shedding or length of hospital stay19. However, 

the dosing used was lower than in our study, and it is possible that the enhancement of 

IFNα signaling by leflunomide precludes additional benefit of IFNα intervention. Finally, 

two separate case series described patients taking teriflunomide for multiple sclerosis who 

contracted COVID-19 but experienced self-limiting infection20,21.

Conclusion

We used immunologic correlative experiments to describe the immune response of two 

patients with severe COVID-19 who were treated with the immune modulator leflunomide. 

Further study is warranted to more definitely address the effectiveness of leflunomide in the 

treatment of COVID-19, especially in patients with cancer. Leflunomide treatment might 

also be relevant for patients who are immunocompromised due to factors other than cancer, 

but further study is needed. With ongoing COVID-19 transmission, which can overcome 

precautions such as hand washing and social distancing,22 and occurrence of breakthrough 

infections in vaccinated individuals, therapeutic agents that target both the virus and host 

inflammatory response would be helpful despite the availability of currently approved anti-

viral agents. Furthermore, from an access to care perspective, especially in resource-limited 

areas, an inexpensive, readily available, effective drug with existing safety data in humans is 

relevant in the real-world setting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
A-B) Serial CT chest scans from patient 1 (A) and 2 (B) with severe COVID-19 pneumonia 

showing peripheral multilobar ground glass opacities (red arrow) two days before the 

initiation of leflunomide treatment for patient 1 and Day 6 of treatment for patient 2. Scans 

obtained after 36 days (A) and after 93 days (B) on treatment show partial absorption of the 

abnormalities for both patients.
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Figure 2: 
A) In-depth longitudinal immune profiling of two patients with COVID-19 and breast 

cancer treated with 40 mg leflunomide. A Maxpar Direct Immune Profiling System using 

a dry 30-marker antibody panel was employed. Hierarchical clustering and statistical 

mapping were performed algorithmically via the Cytobank© platform. vi-SNE analysis 

(iterations=1000, perplexity=100) are displayed in 2D plots using the resultant t-SNE 1 and 

t-SNE 2 dimensions. High-fidelity FlowSOM (“self-organizing map”) (metacluster=10 and 

cluster=100) based on vi-SNE 2D plots showing 20 different immune-compartments was 

used; B) Bar graphs representing the expression of naïve and memory B cell subpopulations 

through the course of treatment; C) t-SNE heatmap highlighting the increased expression of 

CD8+ cytotoxic T cells at baseline and on days 14 and 21 of treatment in both patients; 

D) Bar graphs showing effector memory and terminally differentiated effector T cells 

(TEMRA) T cell subsets in percentages compared to the total count PBMCs in both patients.
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