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Introduction

The term cytokines includes interleukins, chemo-
kines, growth factors, colony stimulating factors,

and tumor necrosis factors (TNF). These molecules are
involved in cell injury and repair, inflammation and
its regulation, and apoptosis.

In the first part of this chapter, we review the renal
toxicity of the cytokines currently in clinical use. In the
second part, we describe the cytokine-mediated neph-
rotoxicity associated with the use of the OKT3 mono-
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clonal antibody in transplant recipients.
Cytokine associated renal dysfunction is regularly

observed in the setting of sepsis syndrome or systemic
inflammatory response syndrome. Systemic inflamma-
tory response syndrome is often used as a model for
evaluating the renal effects of various cytokines. Dur-
ing systemic inflammatory response syndrome, it has
been observed that even in the absence of systemic hy-
potension, acute tubular necrosis can occur. Certain
cytokines are released during systemic inflammatory
response syndrome that mediate peripheral vasodila-
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tion in the absence of systemic hypotension. The renal
response to peripheral vasodilation is renal vasocon-
striction and reduced renal blood flow. One can ap-
preciate that in the setting of renal ischemia, it is diffi-
cult to conclusively attribute the etiology of acute tu-
bular necrosis to the direct nephrotoxic effects of cyto-
kines much less any individual cytokine among the
cascade of mediators which produce the shock syn-
drome. The cytokine release syndrome associated with
OKT3 administration, as discussed later in this chap-
ter, is similar to systemic inflammatory response syn-
drome. In both syndromes, TNF-α is the initiator or
central mediator of the cytokine cascade.

The crucial role of TNF-alpha in
cytokine-associated renal dysfunction

Tumor necrosis factor α (TNF-α) is a pro-inflam-
matory cytokine which augments its own production
and the synthesis of other inflammatory mediators. It
stimulates the pyrogen, IL-1β and regulates genes cod-
ing for other inflammatory mediators such as IL-1, IL-

Table 1. TNF-α actions [2].

1. Induces synthesis of active proteins by causing changes in gene expression.

2. Induces both cell necrosis and cell apoptosis

3. Mitogenic for fibroblasts, hepatocytes, smooth muscle cells, and lymphocytes.

4. Increases natural killer, endothelial, macrophage/monocyte, neutrophil, and lymphocyte cell activity.

5. Stimulates production of adrenocorticotrophic hormone and thyroid stimulating hormone.

6. Stimulates muscle cell glycolysis and glycogenesis

7. Stimulates synovial fluid synthesis of prostaglandine-D2, plasminogen activator, collagenase, hyaluronic acid

8. Major role in inflammation by providing cell signals and regulating genes that code for IL-1, IL-6, IL-8, macrophage
inflammatory protein, granulocyte macrophage-colony stimulating factor, intercellular adhesion molecule 1 (ICAM-
1), and endothelial leukocyte adhesion molecule 1 (ECAM-1)

Table 2. Tumor necrosis factor-mediated renal diseases [3].

1. Ischemia and reperfusion-induced acute tubular necrosis

2. Endotoxin induced acute renal failure

3. Renal injury models such as aminonucleoside-induced nephrosis and adriamycin-induced nephrosis

4. Anti-glomerular basement membrane glomerulonephritis

5. Immune complex glomerulonephritis

6. Focal proliferative and exudative glomerulonephritis

7. Lupus nephritis

8. Diabetic nephropathy

6, IL-8, and macrophage inflammatory protein. Endo-
toxin is the most studied stimulator of TNF-α but other
cytokines, various phospholipases and protein kinases,
and some toxic agents also participate in its activation.
There are two TNF-α receptors and two distinct fami-
lies of adaptor proteins or TNF-α receptor-associated
factors that can activate different cytosolic signaling
cascades (death domain homologs and signaling path-
ways such as mitogen-activated protein kinase and ex-
tracellular signal-regulated kinase) leading to activa-
tion of a variety of nuclear transcription factors, espe-
cially NF-kappaB [1]. The plasticity of this system helps
to explain the number and complexity of TNF-α ac-
tivities (Table 1).

TNF-α and interleukin-1 (IL-1) are the two major
cytokines implicated in the pathogenesis of systemic
inflammatory response syndrome. Inhibition of these
cytokines with anti-cytokine antibodies or receptor de-
ficient knockout mice is associated with prevention of
renal injury, but the mechanism may be simply pre-
venting hypotension. The data do not support a direct
role of IL-1 in the pathogenesis of acute renal failure
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during sepsis. IL-1 infusions do not alter GFR or renal
blood flow or blood pressure [4]. Very high doses of
systemic TNF-α can cause renal injury as observed by
Bertani in an experimental rabbit model. He showed
that an intravenous TNF-α infusion did induce glom-
erular endothelial damage, neutrophil accumulation,
and fibrin deposition within capillary lumens [5].

While systemically administer TNF-α and IL-1 does
not appear to have a direct effect on the kidney, they
may stimulate local synthesis of cytokines. Giroir et al.
showed that endotoxin infusions in mice increased
TNF-α synthesis in the kidney [6]. Other investigators
have shown that TNF-α and IL-1 induce glomerular
endothelial and mesangial cell production of vasocon-
strictive mediators, platelet activating factor, endothe-
lin-1 and adenosine plus release of the vasodilators ni-
tric oxide and prostaglandin E2. Local release of TNF-
α reduces glomerular blood flow and glomerular fil-
tration rate, induces the synthesis of other
proinflammatory mediators, and, along with reactive
oxygen species, increases glomerular albumin perme-
ability. TNF-α recruits neutrophils and monocytes to
the kidney and enhances their adhesion to glomerular
cells and induces expression of intercellular adhesion
molecules and ligands for L-selectin. Thus TNF-α pro-
motes aggregation and adhesion of neutrophils and
monocytes to glomerular cells and release of other toxic
products. TNF-α induces production of reactive oxy-
gen species by mesangial cells and tissue factor pro-
duction by mesangial and endothelial cells, leading to
fibrin deposition. Reactive oxygen species and IL-1
activate transcription factors involved in inflammatory
gene expression [7, 8].

Local over-expression of cytokines, especially TNF-
α and IL-1, are involved in many of the structural and
functional changes in inflammatory kidney diseases [9,
10, 11]. Ischemia-reperfusion induces TNF-α produc-
tion not only in the kidney, but also in liver, heart, lung
and brain. Ischemia also results in monocyte infiltra-
tion into the kidney and may be the initial source of
TNF-α. TNF-α has been shown to decrease glomeru-
lar blood flow, increase basement membrane perme-
ability, activate glomerular endothelial and mesangial
cells, and induce proteinuria and tubulointerstitial ne-
phritis [12]. At one time it was thought that infiltrating
monocytes were the only source of TNF-α. It is now
known that glomerular mesangial cells and possibly
proximal convoluted tubule cells are a local source of

TNF-α [3].
How does one unscramble the direct effects or in-

direct effects of various cytokines when the pathways
are numerous, complex and inter-related and indi-
vidual cytokines may have opposite roles depending
on the biologic setting? Many of these cytokines have
been produced by recombinant technology and are
used clinically in the treatment of cancer, autoimmune
disease, viral disease (e.g. hepatitis B and C), and even
some types of glomerulonephritis [13].

This chapter will examine the nephrotoxic poten-
tial of the cytokines or monoclonal antibodies at the
doses being used in the treatment of cancer, autoim-
mune diseases, and transplantation. Non-specific
immunomodulators and highly specific monoclonal
antibodies are being used singly or in various combi-
nations to treat cancer, autoimmune disease, and solid
organ transplants. Many of these therapies achieve
their effect by stimulating the release of cytokines or
release cytokines as a by-product of therapy.

Adjuvants and immunomodulators

Melatonin: T-helper cells bear G-protein coupled me-
latonin cell membrane receptors and activation of me-
latonin receptors, induce the release of T-helper cell
type 1 (Th1) cytokines such as interferon-γ (IFN-γ) and
IL-2. Melatonin also stimulates the release of novel
opioid cytokines, which cross-react immunologically
with both IL-4 and dynorphin B. Melatonin may en-
hance the production of IL-6 from human monocytes.
Conversely, IFN-γ and various colony-stimulating fac-
tors may feedback to modulate melatonin production
by the pineal gland [14].
European Mistletoe (Viscum album) extract: {Iscador
Qu Spezial or Helixor (aqueous VAL extract) or Lec-
tin-1 (galactoside-specific lectin)}. The various extracts
of Viscum album (VAL) differ in composition and
immunomodulatory effect. Some of these extracts
stimulate release of γ-IFN, IL-4, TNF-α, IL-12 and IL-6
and are used as unconventional adjuvant therapy in
the treatment of HIV and cancer [15-18]. Controlled
studies of the galactoside-specific lectin component
showed no evidence of cellular reaction in bladders
with urothelial carcinoma [19]. The specific agents con-
tained in the extract that are purported to have an anti-
tumor effect have not yet been characterized.
Non-specific adjuvant: boosts the cellular and humoral
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immune response at the local or systemic level by un-
known mechanisms, which result in cytokine release
[20]. These non-specific adjuvants include:
• Bacillus Calmette-Guerin (BCG): BCG is used in the

treatment of multiple sclerosis and superficial tran-
sitional cell carcinoma.

• Corynebacterium parvum
• Incomplete Freunds adjuvant
• Keyhole Limpet Hemocyanin
Peptide Vaccines: tumor-specific antigens derived from
the tumor tissue itself are used as vaccines against the
tumor. This therapy has limited success because of the
development of antigen-loss tumor variants and im-
paired HLA class I expression and antigen presenta-
tion [20].
Bcr-abl fusion peptide: vaccine against chronic myel-
ogenous leukemia which generates prolonged peptide-
specific T-cell proliferative responses and delayed type
hypersensitivity responses that initiate cytokine release
[21].

Immunoglobulins and monoclonal
antibodies

Intravenous immunoglobulin: modulates cytokine
production and downregulates IL-1, IL-2, IL-3, IL-4,
IL-5, IL-10, TNF-α, and granulocyte-macrophage
colony-stimulating factor. However, flushing, myalgia,
headache, fever, chills, wheezing, hypotension and ta-
chycardia have been noted after the start of the infu-
sion and have been attributed to activation of comple-
ment and the complement cascade. Reversible increases
in serum creatinine occurred in 4/17 patients treated
for ANCA-associated vasculitis [22]. Acute renal fail-
ure has been reported with IV immunoglobulin and is
thought to be related to a high solute load-induced in-
jury to the proximal tubule. Generally, the injury is
reversible [23, 24]. More severe acute renal failure was
noted in a patient who had underlying mixed cryoglo-
bulinemia [25]. Other studies have confirmed the no-
tion that I.V. immunoglobulin infusions are more likely
to result in acute renal failure in the presence of un-
derlying renal disease or in combination with such
drugs as non-steroidals and angiotensin converting
enzyme inhibitors [26].

Monoclonal Antibody Therapy
Monoclonal antibodies can vary tremendously in

terms of isotype, construction (animal derived, chi-

meric, humanized, bound to toxin), ability to activate
complement, binding avidity, target specificity, and
whether it binds and blocks or binds and activates the
receptor. Monoclonal antibodies may be directed to-
ward soluble or membrane bound receptors or recep-
tor ligands, tumor antigens, growth factor or their re-
ceptors. Therefore the toxicity and side effects are
equally variable [27].

In general, complement-binding monoclonal anti-
bodies are more likely to cause a first dose response
with cytokine release and potentially renal failure.

Monoclonal antibodies that are associated with sys-
temic response consistent with cytokine release include:
• Herceptin (trastuazmab): recombinant, humanized,
monoclonal antibody against HER2/neu (c-erb-B2),
which is a glycoprotein receptor with intrinsic tyrosine
kinase activity that is over-expressed in a percentage
of patients with breast cancer. Side effects worsen at
higher doses: fever, nausea, vomiting, diarrhea, rash
and headaches [28].
• Anti-CD-20 antibodies: (1F5, anti-B1 (tositumomab)
murine IgG2a antibody conjugated to iodine 131, IDEC-
C2B8 (rituximab) murine antigen-combining variable
regions grafted onto a human constant region with hu-
man IgG1-Fc domains.). First dose effect was noted
with rituximab (fever, rigors, hypotension) suggesting
cytokine release. Some patients have experienced se-
vere hypotension with the first 2 infusions. Eight deaths
have been recorded which seemed to be related to tu-
mor burden, tumor lysis, and ARDS [29, 30].
• Anti-TNF antibodies: human-mouse chimeric anti-
body (infliximab or Remicade). A trial in the treatment
of Crohn’s disease noted infusion reactions, transient
increased of anti-dsDNA antibodies, and serum sick-
ness-like delayed hypersensitivity with retreatment.
Induction of human-antichimeric-antibodies was sug-
gested as the cause of some of the infusion reactions
[31].
• Anti-CD4: (humanized hIgG1-CD4 modulating,
non-depleting monoclonal antibody). Anti-CD4 mono-
clonal antibodies have been used in the treatment of
rheumatoid arthritis, psoriasis, systemic lupus erythe-
matosus, and multiple sclerosis. First dose reactions
were observed (dyspnea, chills, hypotension [32]. Of
note, the anti-IL-2 Receptor (α chain) antibodies dacli-
zumab (Zenapax) and basiliximab (Simulect), widely
studied in renal transplant recipients, do not induce
cytokine release or first dose reactions [33].
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Interleukin-2

IL-2 is a 15 kilo Dalton glycoprotein that is normally
produced by antigen or mitogen activated circulating
T-lymphocytes. It induces natural killer cell activity,
enhances the allogeneic response, and activates cy-
tolytic T-lymphocytes [34].

IL-2, with or without leukapheresis and reinfusion
of lymphokine-activated killer cells, has been used in
the treatment of solid tumors such as metastatic mela-
noma, metastatic renal cell carcinoma, and colorectal
carcinoma. Unless bacterial or viral contamination is
inadvertently introduced at the time of cell culture,
lymphokine activated killer cell infusion is associated
with only minor side effects of mild chills and fever
and occasional dyspnea or bronchospasm similar to
that seen with granulocyte transfusion reactions [35].
IL-2 infusions are associated with significant dose-de-
pendent toxicity characterized by fevers, malaise, nau-
sea, vomiting, diarrhea, hepatic dysfunction, pulmo-
nary edema, somnolence, confusion, dysrhythmias,
myocardial infarction, hematopoietic suppression, and
renal insufficiency [35]. IL-2 appears to cause a gener-
alized increase in capillary permeability, reduced sys-
temic vascular resistance, fluid shifts and low effec-
tive circulating blood volume. It is not known if the
vascular effects are a direct effect of IL-2 or due to IL-2
induced release of other mediators such as interferon
(IFN), IL-1, TNF-α, and lymphotoxin [36, 37].

IL-2 has a short serum half-life of 6-10 min and a
plasma elimination of 30-60 min after bolus intrave-
nously infusion [36]. Resultant toxicity is generally
transient and reversible.

Rosentein et al. [38] injected high dose IL-2 into mice
followed by intravenous I125 bovine serum albumin as
a marker of capillary leak. The severity of the vascular
leak syndrome was dependent upon the number of
days of treatment and the dose given. Severity could
be reduced by immune suppression with cyclophos-
phamide, corticosteroids, or whole body irradiation
implying that lymphokines released by lymphocytes
played a role in the induction of the vascular leak phe-
nomenon.

Schomburg [39] demonstrated that low to interme-
diate palliative doses of IL-2 in combination with IFN-
α therapy was less nephrotoxic and less vasculo-toxic,
especially if given subcutaneously rather than intra-
venously. Although there was a significant increase in

serum creatinine and blood urea nitrogen (mean peak
of 115.1 ± 21.4 mmol/L, 6.5 ± 2.5 mmol/L), there was
no clinical evidence of uremia.

Renal toxicity has been attributed to sequelae from
the development of the capillary leak syndrome. Vas-
cular leak resulted in significant extravascular fluid
accumulation (ascites, pleural effusions, peripheral
edema) and weight gains of as much as 17 kg in 3 weeks
[36]. As in sepsis syndrome, hypotension, oliguria and
reduced fractional excretion of sodium accompanied
the capillary leak.

Ponce treated 5 patients who had metastatic colo-
rectal carcinoma with continuous intravenous infusions
of IL-2 for 5 days and 9 cycles. They attempted to main-
tain a stable blood pressure with aggressive fluid re-
placement. However systemic vascular resistance de-
clined from 1304 to 871 dyn/s/cm-5 and mean arterial
blood pressure still dropped from 105 to 86 mmHg.
Urine output dropped significantly and serum creati-
nine rose significantly. Urine sediment was normal on
day 1 but contained multiple epithelial cells and brown
casts by day 5 [40].

Others have shown that oliguria accompanying IL-
2 infusions, responds to low-dose dopamine infusions,
fluid resuscitation, and α agonists such as phenyleph-
rine [37, 41, 42].

Rafi-Janajreh et al. [43] examined the mechanism
of IL-2 induced vascular leak syndrome in a mouse
model. The vascular leak was especially significant in
the lung and liver of wild-type mice but was mark-
edly reduced in the lungs and liver of CD44 knockout
mice. Both groups had similar levels of perivascular
infiltration with lymphocytes but the CD44 knockout
mice did not have endothelial cell damage and also
exhibited a marked decrease in IL-2-induced lymphok-
ine-activated killer cell activity. These investigators also
showed that the vascular leak syndrome was depen-
dent on the expression of CD44 on immune cells and
not the endothelial cells.

It is possible that IL-2 induced renal failure only
occurs in the setting of profound hypotension, prior
volume depletion, concurrent administration of poten-
tially nephrotoxic drugs, or the presence of underly-
ing renal disease.

Nausea, vomiting, and profuse diarrhea are rela-
tively common side effects that may contribute to re-
nal dysfunction because of intravascular volume deple-
tion and activation of angiotensin II and renal sympa-
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thetic nervous system.
In the past indomethacin was commonly given as

prophylaxis against the chills, fever, arthralgias,
myalgia’s, and malaise associated with IL-2 adminis-
tration. Non-steroidal anti-inflammatory drugs block
prostaglandin-mediated glomerular afferent arteriolar
vasodilation that is part of the auto-regulatory response
to hypotension and renal hypoperfusion. Co-
administration of a non-steroidal anti-inflammatory
drug with IL-2 sometimes precipitated acute renal fail-
ure.

Memoli studied 9 patients being treated for meta-
static renal cancer with a continuous intravenous infu-
sion of rIL-2. All nine of the patients had undergone a
unilateral nephrectomy and may have had baseline re-
nal impairment. All 9 experienced a progressive de-
cline in creatinine clearance. Low dose dopamine
seemed to improve creatinine clearance after renal
impairment had occurred [41].

Morroquin et al. [44] studied the effect of high-dose
IL-2 therapy in the treatment of patients with meta-
static melanoma and renal cell cancer. Animal models
have shown that successful treatment with IL-2 is dose
and schedule dependent. They found that there was a
subset of patients who could not tolerate high doses or
retreatment due to renal toxicity. Pretreatment factors
that were significantly associated with renal toxicity
were male sex, diagnosis of renal cancer, previous ne-
phrectomy, and older age. These patients also had
higher baseline creatinine.

Beldegrun [34] studied 99 patients with various
types of metastatic cancer who had no identified renal
disease, had a serum creatinine < 1.9 mg/dl (despite
unilateral nephrectomy in some) and had no autoim-
mune disorders and no exposure to immunosuppres-
sive drugs. A confounding factor in the study was the
prophylactic administration of indomethacin. Mean
baseline creatinine was 1.06 ± 0.03 mg/dl. Mean peak
creatinine was 3.44 ± 0.19 mg/ml. The mean percent-
age increased in creatinine was 219 ± 15%. Mean peak
serum creatinine level correlated with dose of IL-2 ad-
ministered. In 62%, 84.3% and 95.2% of patients the
serum creatinine level returned to baseline level within
7 days, 14 days and 30 days respectively. Patients with
baseline elevation of serum creatinine greater than 1.4
mg/dl, renal cell carcinoma and radical nephrectomy
represented a high-risk group who were more sensi-
tive to the IL-2 regimen and had a prolonged recovery

of renal function. Weight gain and edema were ob-
served in conjugation with the renal dysfunction. The
mean acute weight gain was 11.0 ± 0.66%, and the mean
decrease in urine volume was 77.5%.

The following study suggests that IL-2 causes di-
rect injury to the kidney. Textor et al. [45] noted uni-
versal progressive hypotension, sodium avidity,
weight gain and edema, diminished glomerular filtra-
tion rate and evidence of ongoing tubular injury after
administration of recombinant IL-2 to 12 patients. Se-
rum creatinine and blood urea nitrogen rose in all pa-
tients and fractional excretion of sodium (FENa) fell to
extremely low values. Urinary excretion of N-acetyl-
glucosaminidase corrected for creatinine excretion was
used as a marker of tubular lysosomal injury. N-acetyl-
glucosaminidase was noted to rise with the peak in
serum creatinine and to remain elevated after discon-
tinuation of therapy. Plasma renin activity nearly
doubled during therapy. Serum creatinine returned to
normal one week following discontinuation of therapy.
All patients received indomethacin, which may have
contributed to the development of acute renal failure.
Several patients required low dose dopamine for olig-
uria and phenylephrine for hypotension.

The above two studies are difficult to interpret be-
cause of the co-administration of non-steroidal anti-
inflammatory drugs. Christiansen et al. [46] reported
adverse effects of IL-2 in a patient who did not receive
non-steroidal anti-inflammatory drugs. He developed
hypotension, oliguria, creatinine elevation, and sodium
retention. Serum phosphate was low but the fractional
excretion of both phosphate and sodium was also very
low. Morning venous aldosterone and plasma renin
activity were significantly elevated and urinary pros-
taglandin excretion was depressed. The authors pos-
tulated that IL-2 had a direct effect on renal prostag-
landin synthesis. Reduced production of vasodilatory
prostaglandins could contribute to intense renal vaso-
constriction and sodium retention by the proximal tu-
bule. The presence of high aldosterone levels would
enhance the sodium retention via the distal tubule.

Kozeny [47] evaluated IL-2 associated fluid and
electrolyte disorders in 8 patients with metastatic can-
cer. All patients developed capillary leak syndrome,
prerenal azotemia, hypophosphatemia, hypocalcemia,
hypomagnesemia, and respiratory alkalosis. As noted
in other studies, albumin fell precipitously with an as-
sociated fall in serum calcium. However, measurement
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of ionized calcium and urinary calcium demonstrated
true hypocalcemia and hypocalciuria. There was an
associated hypomagnesemia and hypomagnesuria,
hypophosphatemia, hypophosphaturea. Primary hy-
perventilation and respiratory alkalosis were thought
to have caused an increased binding to albumin and
intracellular shifts of these ions. Likewise, severe hy-
pophosphatemia can be seen in gram-negative sepsis
in association with respiratory alkalosis.

All patients developed a compensatory metabolic
acidosis due to chronic hyperventilation. Respiratory
alkalosis was thought to have developed because of
capillary leak into the lungs producing borderline or
frank pulmonary edema. After several days a super-
imposed normal anion gap acidosis developed from
dilution by large volumes of saline fluid resuscitation.
The authors found no defects in renal handling of cal-
cium, phosphorous, or magnesium. There was no evi-
dence of a renal acidification defect or renal tubular
acidosis.

Shalmi et al. [48] suggested that an intrinsic renal
defect may contribute to the renal dysfunction since
the creatinine appeared to increase out of proportion
to the blood urea nitrogen. Radionuclide studies uti-
lizing Tc-99 DTPA and 131I-Hippuran demonstrated
impaired glomerular filtration rate out of proportion
to the slight reduction in renal plasma flow. Glomeru-
lar filtration rate as measured by serial 2 hour creati-
nine clearances, showed an average reduction of 43%
compared to an average decline in renal plasma flow
of only 5%. If the predominant lesions were prerenal
azotemia, one would expect relative preservation of
glomerular filtration rate in the face of renal hypoper-
fusion, thereby increasing the filtration fraction. The
urinalysis did not show an active sediment as one
might see in acute tubular necrosis. The authors sug-
gested that the generalized capillary leak syndrome
associated with the administration of IL-2 might have
contributed to intrarenal edema and congestion lead-
ing to increased backpressure and a decrease in ultra-
filtration pressure and glomerular filtration rate.

The above-mentioned studies have suggested or
proposed a direct renal injury by IL-2, but none of them
have been able to conclusively distinguish a direct IL-
2 renal effect from simple renal under-perfusion se-
vere enough to cause ischemia and acute tubular ne-
crosis. The toxicity of IL-2 has been clearly associated
with widespread endothelial cell damage and capil-

lary leak [43]. This is consistent with a generalized,
systemic effect of IL-2 rather than proof of a specific
direct effect on the kidney.

Hall et al. [49] examined the nephrotoxic effects of
IL-2 and its putative mediator, TNF-α in the LLC-PK1
pig kidney cell line. Levels of IL-2 comparable to those
used in human studies, caused vacuolization, cell
shrinkage and growth inhibition. Dexamethasone,
which is used clinically to inhibit TNF-α, failed to pro-
tect the cultured cells from the effects of IL-2. TNF-α
when given alone had no apparent effect on morphol-
ogy or cell growth, suggesting that the nephrotoxic ef-
fect of IL-2 was direct.

Vlasveld [50] obtained biopsy material from a pa-
tient with renal cell cancer who developed acute renal
failure in the sixth week of a continuous rIL-2 infu-
sion. The pathology was that of acute tubulo-intersti-
tial nephritis. Further studies on cryopreserved periph-
eral blood lymphocytes revealed specific cytolytic ac-
tivity against an autologous renal cell line cultured from
the biopsy specimen. These findings are consistent with
an allergic reaction to IL-2.

Administration of cytokine combinations may be
synergistic in their toxicity. Dutcher et al. reported a
phase II outpatient trial of subcutaneous IL-2 plus IFN-
α [51]. They noted higher-grade toxicity of fatigue, nau-
sea, vomiting, diarrhea, anorexia, fluid overload, rash,
aseptic meningitis, chest pain, atrial fibrillation, and
hypotension. One patient developed irreversible, di-
alysis dependent renal failure with crescentic glomeru-
lonephritis.

Carson et al. administered IL-12 in combination
with IL-2 or IL-15 to several mouse strains. The combi-
nation induced systemic inflammatory response syn-
drome that rapidly progressed to a fatal shock-like
state. They showed that the natural killer cell was the
only cell out of the total lymphocyte found responsible
for mediating the syndrome [52].

Several interleukins are being tested as therapeutic
agents (IL-3, IL-4, IL-7, IL-12). At this time there is in-
sufficient information to comment on nephrotoxicity.

Interferons

Based on differences in receptor occupancy, 2
classes of interferons have been identified: Type I in-
cludes IFN-α synthesized by leukocytes and IFN-β
synthesized by fibroblasts and epithelial cells. Type II
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includes IFN-γ synthesized by lymphocytes and mono-
cyte/macrophage. The three interferons have differ-
ent biologic activity. All have antiviral activity and all
have active roles in resistance to tumors, control of cell
growth and differentiation, expression of cell surface
molecules, and immune-modulating effects.

Interferon-alpha

IFN-α has antiviral and antiproliferative effects,
which have proven useful in the treatment of hepatitis
B and C, cryoglobulinemia, and various tumors includ-
ing rectal cancer, lymphoma, breast cancer, ovarian
malignancies, cutaneous T-cell leukemia (mycosis
fungoides), bladder cancer, cervical dysplasia, mela-
noma, and chronic lymphocytic lymphoma. Side ef-
fects include fever, chills, malaise, headache, myalgia’s,
neuropathy, somnolence, confusion, and fatigue. Leu-
kopenia and elevation of serum transaminases are the
most common dose limiting side effects. Nephrotoxic-
ity is uncommon and usually noted in individual case
reports as an association with administration of IFN-
α. Often there are other factors contributing to acute
renal failure such as concomitant renal disease (nephre-
ctomy, Hepatitis C, or nephrotoxic drugs). Phillips re-
viewed this topic in 1996 [53]. Gutterman [54] reported
no effects of treatment on serum creatinine and blood
urea nitrogen, although transient pyuria was noted in
5 of 16 patients. Abdullhay [55] noted mild elevations
of blood urea nitrogen and creatinine in 10 patients
and more severe dysfunction in 2 of 36 patients with
ovarian malignancies. The latter 2 patients had prior
renal impairment.

Reports of isolated proteinuria associated with IFN-
α therapy have appeared in the literature. Sherwin [56]
observed 2 patients with transient proteinuria of less
than 2 g/day, which recurred with rechallenge with
IFN-α. Quesada [57] initially reported proteinuria of
less than 2 g/day, which recurred with rechallenge
with IFN-α. Quesada [57] initially reported proteinuria
in 13 of 38 (34%) of patients, excluding those with
multiple myeloma. In 2 of 13 patients, the proteinuria
persisted after discontinuation of the drug. In a later
publication, Quesada [58] cited a 15-20% incidence of
dose independent proteinuria. Quantitation rarely ex-
ceeded 1 g/24hr and was not associated with a decline
in glomerular filtration rate. Ferri [59] also noted pro-
teinuria in patients being treated for mixed cryoglo-

bulinemia but admitted that subclinical glomerular in-
volvement with cryoglobulins could have been present.
There are also reports of acute renal failure and neph-
rotic syndrome associated with IFN-α therapy [60, 61].

As far back as 1976 IFN-α was shown to be able to
induce glomerulonephritis in animal models. Gresser
[62] was able to develop an animal model of acute
glomerulonephritis by injecting high dose IFN-α into
mice. Experimental evidence supports an immunologic
effect of IFN-α on the kidney. Morel-Maroger [63] in-
jected partially purified mouse IFN into newborn mice
and found marked thickening of the glomerular base-
ment membrane preceding the deposition of immu-
noglobulin and complement. Since then there have
been a number of case reports of IFN-α associated
glomerulonephritis (GN) in humans. A variety of le-
sions have been reported including minimal change
disease, pauci-immune GN, rapidly progressive GN,
and focal segmental glomerulosclerosis [64, 65].

Selby [66] reported a patient with myeloma who
developed nephritic syndrome during treatment with
IFN-α. Creatinine rose 2 mg/dl associated with pro-
tein excretion of 6 g in 24 hours. The nephritic syn-
drome reversed after treatment was withdrawn. Simi-
lar findings were reported by Quesada [58] in 2 pa-
tients with multiple myeloma and renal cell carcinoma.

Herman [67] published a case report of a patient
with hairy cell leukemia who developed membrano-
proliferative glomerulonephritis during treatment with
IFN-α. He developed hematuria, pyuria, and depressed
complement levels. Renal biopsy revealed foot process
effacement and subendothelial deposits.

Averbuch [68] reported a patient with Mycosis
Fungoides who developed 6 kg weight gain, edema
and a rise in serum creatinine and BUN to 4.1 mg/dl
and 55 mg/dl respectively after 6 doses of IFN-α. The
urinary sediment showed 15-20 white cells/high-
power field with many eosinophils, tubular epithelial
cells, and granular casts. The patient excreted 28 g of
nonselective proteinuria in 24 hours. A kidney biopsy
revealed extensive interstitial edema and moderately
severe, patchy interstitial infiltration with lymphocytes,
plasma cells and eosinophils. Electron microscopy
showed foot process effacement consistent with mini-
mal change disease. After IFN-α was discontinued,
renal function returned to normal, but low-grade pro-
teinuria continued for 2 months. Rechallenge with IFN-
α again produced azotemia and nephritic range pro-
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teinuria. The authors commented that the lesion of
minimal change nephropathy and acute interstitial ne-
phritis is similar to the histologic pattern noted with
toxicity from nonsteroidal anti-inflammatory agents.
They suggested that activated cytotoxic T cells were
responsible for a cell mediated delayed hypersensitiv-
ity mechanism of injury. Similar cases of minimal
change disease associated with IFN-α were reported
by Traynor et al. [69] and Rettmar et al. [70]. Shah et al.
reported 2 cases of renal failure associated with IFN-α
treatment of chronic myeloid leukemia. Both patients
had proteinuria and focal segmental glomerulosclero-
sis on biopsy. The authors reported 15 other cases of
renal failure and proteinuria associated with IFN-α in
which the pathology was less well defined [71].

Unusual immune side effects have been reported
in association with rIFN-α therapy. Chronic hemolytic-
uremic syndrome was observed in a patient with mul-
tiple myeloma treated with IFN-α (De Broe ME, per-
sonal communication). The post bone marrow trans-
plantation course was complicated and he received sev-
eral nephrotoxic antibiotics. Three months later treat-
ment with IFN-α was started. Towards the end of the
treatment renal function deteriorated. There was par-
tial renal recovery after cessation of therapy. Renal bi-
opsy showed focal membranoproliferative lesions,
mesangiolysis and intracapillary thrombosis consistent
with a chronic form of hemolytic uremic syndrome. A
similar observation has been reported by Ravandi-
Kashani et al. [72]. Harvey et al. [73] reported 3 cases
of HUS/TTP. Two patients developed renal failure re-
quiring dialysis. E. coli OH157.H7 was grown from the
stool of one patient.

Acute renal failure or deterioration has frequently
been cited in association with IFN-α treatment of Hepa-
titis C and even Hepatitis B. It is well known that Hepa-
titis C virus infection causes glomerulonephritis (GN).
Membranoproliferative GN is the most common mani-
festation and biopsy specimens have shown deposi-
tion of immune complexes composed of HCV related
antigen and cryoglobulin. The difficulty lies in distin-
guishing glomerulonephritis caused by Hepatitis C
from glomerulonephritis seen in association with IFN-
α therapy or from occult underlying renal disease that
is exacerbated by IFN-α.

There have been reports of nephrotic range pro-
teinuria and focal segmental glomerulosclerosis on bi-
opsy, in patients who are being treated with IFN-α for

Hepatitis C [74, 75]. Gordon et al. [76] reported a case
of IFN-α induced exacerbation of vasculitis (rash and
renal impairment) in a patient with hepatitis C-associ-
ated cryoglobulinemia.

Ohta et al. [77] examined 24 patients who mani-
fested the appearance of/or exacerbation of proteinuria
after IFN therapy for chronic HCV infection. One pa-
tient had known HCV related glomerulopathy and
cryoglobulinemia and showed a good response to
therapy including improved renal function and remis-
sion of proteinuria. Yamabe et al. and also Sarac et al.
confirmed good responses to IFN therapy without re-
nal deterioration in patients with HCV-related glom-
erulonephritis [78, 79]. In Ohta’s study only 3 subjects
were treated with IFN-α, the remainder were treated
with IFN-β. As was shown by Johnson [80] improve-
ment in MPGN with IFN-α correlated with clearance
of viremia but did not correlate with remission of pro-
teinuria. Other results were quite variable. The authors
looked at permselectivity, presence or absence of glom-
erular cryoglobulin or HCV antigen, deterioration of
renal function, and reversibility of proteinuria. 11 of
24 patients underwent biopsy of the kidney. The au-
thors felt that absence (or minimal presence) of HCV
core antigens or cryoglobulin deposits in the glomeruli
indicated non-HCV related or primary glomerulone-
phritis and that these patients might be at higher risk
for exacerbation or direct injury from IFN. There was
no clear explanation of which patients would benefit
from or fail to respond to IFN and which patients might
develop irreversible renal injury.

To complicate the issue, Jamal Al-Wakeel treated 4
patients with IFN-α who had primary GN and had re-
fused conventional therapy with cyclophosphamide
and/or prednisone. One patient with membranous GN
and 2 with mesangial GN had remission of nephrotic
syndrome [13]. The authors suggested that IFN-α
might prove to be a useful alternative therapy in the
treatment of inflammatory glomerular diseases.

Renal transplant patients with Hepatitis C seem to
be especially susceptible to injury from IFN-α. IFN-α
triggers renal graft rejection in a substantial number of
patients, and is now considered contra-indicated in this
setting [81-83].

In summary, other symptoms of IFN-α toxicity are
far more common than nephrotoxicity (fevers, chills,
malaise, arthralgias, fatigue anorexia, weight loss, de-
pression, impaired cognitive function, diminished li-
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bido, abnormal thyroid function). Nevertheless, IFN-
α has a complicated and important relationship to the
kidney but there are many confounding factors that
tend to obscure the molecular dynamics of that rela-
tionship.

Interferon-beta

IFN-β shares 29% amino acid homology with IFN-
α and has been used in the treatment of multiple scle-
rosis. Type I interferons (α and β) differ from Type II
interferons (γ) in biochemical properties, biological
function, and receptor specificity. Side effects common
to both classes of interferons include chills, fever, rig-
ors, headache, myalgia’s, hypotension, nausea, vomit-
ing, anorexia, constipation, fatigue, neutropenia, and
elevated transaminases. This constellation of symptoms
frequently results in mild to moderate hypotension and
volume depletion and could potentially contribute to
prerenal azotemia or acute tubular necrosis.

IFN-β has been used in combination with IFN-γ be-
cause of synergistic anti-tumor effects. The combina-
tions of interferons appear to have potentiate systemic
effects and cumulative toxicity compared to adminis-
tration of either interferon alone. Synergistic toxicity
limits both the tolerated dose maximum and therapeu-
tic efficacy. Low doses of β and γ interferons given in
combination, either by intravenous bolus or continu-
ous infusion, do not appear to cause renal damage or
dysfunction [63, 84].

The specific renal effects of IFN-β have not been
evaluated, although the toxicity profile of all interfer-
ons appears to be quite similar. Increased insensible
fluid losses via skin or the gastrointestinal tract or fluid
sequestration from capillary leak and hypoalbumin-
emia all contribute to the development of prerenal
azotemia. Volume depletion and hypotension activate
angiotensin II and renal sympathetic nerves to try to
maintain the glomerular filtration fraction. Angiotensin
II is a potent vasoconstrictor and also up-regulates the
expression of growth factors and cytokines such as
TGF-β, TNF-α, vascular cell adhesion molecule-1
(VCAM-1), platelet derived growth factor (PDGF), ba-
sic fibroblast growth factor (bFGF) and insulin-like
growth factor that are involved in renal injury and re-
pair.

Interferon-gamma

There are several subspecies of IFN-γ determined
by differential glycosylation and IFN-γ is a more po-
tent immunomodulator than other interferons.

IFN-γ is cidal to human tumor cell lines, activates
monocyte/macrophages, upregulates Class II MHC
expression and increases natural killer cell activity [85].
In the kidney, IFN-γ regulates Class I and II MHC ex-
pression in the basal state, in response to inflamma-
tory stimuli, and after ischemia or ischemia-reperfusion
renal injury [86].

Systemic side effects are similar to those of other
interferons, namely fever, chills, rigors, hypotension,
confusion, disorientation, anorexia, lethargy, nausea,
vomiting, diarrhea, myalgia, leukopenia, hepatotoxic-
ity. Side effects are reversible and limited to the time
of administration of the drug. Mild changes in liver
function have been observed at higher dose levels and
include hypoalbuminemia. There have been no signifi-
cant changes noted in blood urea nitrogen and creati-
nine, although a small degree of proteinuria has occa-
sionally been observed [87, 88].

Ault [89] reported a case of acute renal failure in a
12-year old child, which required temporary hemodi-
alysis after 19 days of therapy with IFN-γ. The urinary
sediment contained numerous white cells, red cells, and
waxy and granular casts. Open renal biopsy revealed
focal segmental glomerulosclerosis in 3 of 43 glomeruli
and irregular wrinkling of the peripheral basement
membrane in others. A tuft adhesion to Bowman’s cap-
sule was seen in one glomerulus. There was also dif-
fuse tubular damage and interstitial edema consistent
with acute tubular necrosis. Electron microscopy dem-
onstrated foot process effacement. Direct immunofluo-
rescence was negative for IgG, IgA, IgM, kappa and
lambda light chains, C3, Clq, properdin, and fibrin re-
active products. Renal function returned to normal af-
ter withdrawal of the drug. The authors suggested that
structural distortion of the basement membrane and
absence of immune complexes was evidence for direct
glomerular injury by the cytokine. However the au-
thors could not exclude prior subclinical FSGS in the
child.

To support their hypothesis, the authors cited stud-
ies in newborn Swiss mice exposed to mouse IFN in
which there was diffuse glomerular basement mem-
brane thickening and capillary IgG and C3 deposition,
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which progressed to focal segmental glomerulosclero-
sis.

OKT3 nephrotoxicity:
From acute tubular necrosis to
hemolytic-uremic syndrome

Introduction

OKT3 is a murine monoclonal antibody (mAb) rec-
ognizing the CD3 complex closely associated with the
antigen receptor of mature T cells (TCR) [90]. T-lym-
phocytes are of paramount importance in allograft re-
jection, and OKT3 has proved very efficient in both
the treatment and the prevention of allograft rejection
[91, 92]. The immunosuppressive properties of OKT3
are related to its ability to deplete CD3+ cells from the
circulation, to induce the internalization of CD3-TCR
complexes (modulation), and to sterically inhibit re-
sidual CD3-TCR complexes [93]. Before exerting its im-
munosuppressive effects, OKT3 induces a transient ac-
tivation of leukocytes. The ability of OKT3 to induce
multivalent cross-linking of both the T cell-receptor/
CD3 complex and the monocyte Fc receptor results in
T cell and monocyte activation [94]. This is accompa-
nied by the release of several proinflammatory cyto-
kines including TNF-α, IFN-γ, IL-2 and IL-6 into the
circulation within hours after the initial OKT3 injec-
tion [95-100]. The investigation of cytokine gene ex-
pression in purified cell populations obtained from
spleens of mice injected with an activating anti-CD3
antibody, indicate that T cells are the main source of
TNF-α in this setting. Monocytes are also activated, as
shown by their production of IL-1 and IL-6 [101]. The
toxicity of OKT3 is due to the synergy between TNF-α
and IFN-γ, as can also be observed after injection of
both endotoxin and Staphylococcal enterotoxin B in
mice. Indeed, mAbs directed against either TNF-α [102,
103] or IFN-γ [104] can prevent hypothermia, hypo-
motility, diarrhea, piloerection, and even death induced
by the activating 145-2C11 anti-CD3 mAb in mice.

In addition to cytokines, OKT3 activates the comple-
ment system via the classical pathway as shown by
increased levels of C3a and C4 metabolites within min-
utes of OKT3 injection [105, 106]. Complement activa-
tion could synergize with cytokine and in particular
could trigger early respiratory manifestations [107].
However, the occurrence of full-blown anti-CD3-in-

duced toxicity in complement-deficient mice [108] as
well as the lack of toxicity of a complement-binding
non-mitogenic anti-T-cell receptor IgM mAb [109] ar-
gues against a major role for complement activation in
the pathogenesis of OKT3-associated toxicity.

Peak serum levels of TNF-α and IFN-γ occur 1 to 2
hours after the first injection of the mAb, and are fol-
lowed by a complex of symptoms referred to as “cyto-
kine release syndrome”. Thus, patients may develop
fever, chills, headaches, myalgias, nausea, vomiting,
diarrhea, and respiratory symptoms after the first
OKT3 injections [91, 110, 111]. Occasionally, more se-
rious complications such as pulmonary edema, asep-
tic meningitis or convulsions can also occur. In addi-
tion, attention was recently drawn to the nephrotoxic
properties of OKT3 when used in the prevention or in
the treatment of renal allograft rejection. We here de-
scribe the clinical characteristics, the pathology, the
precipitating factors and the possible prevention of the
renal lesions induced by OKT3 in kidney transplant
recipients.

Clinico-pathological observations

Transient renal dysfunction after therapy of acute
rejection with OKT3

OKT3 mAb has showed greater potency than corti-
costeroids in the treatment of kidney graft rejection,
allowing for improved long-term graft survival after
the acute rejection episode [91]. However, transient re-
nal dysfunction has been observed at the initiation of
OKT3 therapy. Simpson et al. observed signs of tubu-
lar toxicity in the urine sediment and a sharp increase
in serum creatinine during the first 3 days of OKT3
therapy [112]. We extended these observations by com-
paring, in a retrospective study, the evolution of renal
function during kidney graft rejection treated with ei-
ther OKT3 or mPDS. The clinical observation that high-
dose corticosteroids precipitate the development of
intragraft thromboses led us to study the effects of me-
thylprednisolone (mPDS) on the procoagulant activ-
ity induced by OKT3 on peripheral blood mononuclear
cells (PBMC) in vitro. The procoagulant activity of un-
stimulated PBMC (mean ± sem: 0.6 ± 0.1 mU/ml)
reached 3.0 ± 0.7 mU/ml after OKT3 stimulation
(p=0.0062) and further increased to 7.4 ± 2.0 mU/ml
when PBMC were first preincubated overnight with
mPDS before OKT3 stimulation (p=0.018 as compared
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to OKT3 alone). This process involved the tissue fac-
tor/factor VII pathway, as shown by increased mem-
brane expression of tissue factor on monocytes as well
as by a marked reduction of the induced procoagulant
activity when the clotting assay was performed with
factor VII-deficient plasma [124]. Thus, high-dose
mPDS represents a major risk factor for thrombosis
after OKT3 prophylaxis, probably because of the abil-
ity of mPDS to potentiate OKT3-induced tissue factor
expression and activity on monocytes. Furthermore,
corticosteroids increase plasminogen activator inhibi-
tor-1 secretion by hepatocytes [184], while at the same
time they decrease tissue-type plasminogen activator
[185] as well as prostacyclin [186, 187] and nitric oxide
production [187, 188]. That the procoagulant effects of
steroids can affect the kidneys has been clearly dem-
onstrated by the extensive glomerular fibrin deposits
occurring in rabbits pretreated with large doses of cor-
ticosteroids before endotoxin challenge [189, 190]. The
early increase in serum creatinine was significantly
higher in OKT3 vs mPDS-treated patients [113]. As with
prophylactic treatment (see below), OKT3 nephrotox-
icity appeared reversible and did not jeopardize the
long-term graft outcome.

Alteration of renal function during therapy of al-
lograft rejection by OKT3 is not limited to the trans-
planted kidney. Indeed, four of sixteen cardiac trans-
plant patients developed a rise in creatinine following
therapy of rejection with OKT3. Renal dysfunction re-
solved spontaneously in all cases [114].

Interestingly, the nephrotoxicity of anti-CD3/TCR
mAbs appears related to the magnitude of cytokine re-
lease they induce. Thus, T10B9, a murine IgM anti-TCR
mAb that does not bind to Fcg receptors on monocytes
and therefore leads to only minor increases in IFN-γ
and TNF-α serum levels, does not induce nephrotox-
icity [115]. Along the same line, therapy of rejection
with a humanized, Fc receptor non-binding, non-acti-
vating OKT3 (huOKT3g1 Ala-Ala) antibody did not
induce the early rise of serum creatinine seen after
OKT3 therapy [116].

Increased incidence of acute tubular necrosis and
renal dysfunction during OKT3 prophylaxis

Part of the rationale for the prophylactic use of
OKT3 in cadaver kidney transplantation was to delay
cyclosporine therapy in the hope to reduce the inci-
dence of postoperative acute tubular necrosis. While

OKT3 prophylaxis improves long-term kidney graft
survival especially in high-risk patients [92, 117-120],
the incidence of postoperative acute tubular necrosis
has not been reduced by OKT3 use [117, 121]. Further-
more, we made the unexpected observation in a pro-
spective, randomized study that patients receiving
OKT3 display an increased rate of postoperative di-
alysis requirement (14 out of 21 patients) as compared
to those treated with cyclosporine (6 out of 21, p=0.03)
[122]. There were no long-term sequelae, as both groups
showed similar graft function up to 3 years after trans-
plantation [121].

In addition, patients who achieved immediate post-
operative graft function may also develop renal dys-
function early during the course of OKT3 prophylaxis.
Indeed, 10 out of 133 patients (7.5%) treated with OKT3,
azathioprine and steroids experienced an abrupt rise
in serum creatinine between postoperative days 2 to 5.
None of these patients had received cyclosporine. Six
patients underwent allograft biopsies at the time of
dysfunction; 4 were normal, and 2 showed only mild
interstitial edema. All patients recovered without se-
quelae. This side effect was considered related to the
cytokines released after OKT3 therapy [114].

Induction of intragraft thrombosis by prophylactic
OKT3 therapy

Besides the transient kidney dysfunction described
above, OKT3 exerts procoagulant effects, which can
precipitate intragraft thromboses and result in trans-
plant loss. This can occur when OKT3 is used as either
prophylaxis [123, 124] or treatment of rejection [125-
127]. All the thromboses observed in our center took
place during prophylactic administration of OKT3 [123,
124]. They occurred between postoperative day 1 and
11, always before the introduction of cyclosporine A.
Thromboses involved graft arteries (n=2), veins (n=5),
or glomerular capillaries (n=6). In the latter cases, the
most striking finding in the renal biopsies was the for-
mation of thrombi in some glomerular capillary loops
and in afferent arterioles. Moreover, glomerular tufts
showed thickening and wrinkling of their capillary
walls with formation of “double contours”. Endothe-
lial cells were swollen and took a foamy appearance,
this process causing diminished patency of capillary
lumens (Figure 1). A few glomerular tufts were totally
ischemic and had collapsed. Except for one case in
which signs of discrete cellular rejection were present,
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the interstitium was only slightly enlarged by edema
without significant influx of inflammatory cells or tu-
bular damages. However, increased numbers of poly-
morphonuclear cells, especially eosinophils, were
present in peritubular and glomerular capillaries. Small
and medium size arteries never displayed intimal in-
filtration of inflammatory cells or increase in intimal
stromal matrix. Immunofluorescence staining was con-
sistently negative for complement and immunoglobu-
lin deposits in both glomeruli as well as in vessels. The
formation of thrombi was confirmed by a strong reac-
tivity for fibrinogen. The diagnosis of thrombotic mi-
croangiopathy was corroborated by electron micros-
copy, which showed detachment of endothelial cells
from the glomerular basement membrane, accumula-
tion of fluffy material in subendothelial position (Fig-
ure 2) and fibrin deposition in glomerular capillaries.
These lesions of thrombotic microangiopathy are simi-
lar to those described in hemolytic-uremic syndrome
[128].

Along this line, 4 of the 6 patients with glomerular
thromboses had decreased hematocrit, platelets counts,
and haptoglobin levels together with schistocytes on
blood smears indicating microangiopathic hemolytic

anemia. Treatment of thrombotic microangiopathies
with anti-aggregants, steroids, and plasmapheresis was
unsuccessful except in one case. Furthermore, all grafts
with arterial or venous thromboses were lost. The oc-
currence of hemolytic uremic syndrome associated
with OKT3 therapy, given either as prophylaxis or as
treatment of rejection has since been observed by oth-
ers [129, 130].

Although the first OKT3 dose induces a transient
activation of the coagulation system in all patients (see
below), only a small number develop intragraft throm-
bosis [124]. Possible risk factors for thrombosis were
found in 6 out of the 13 patients who developed this
complication: 2 received pediatric kidneys, 1 received
a kidney large for his size, 1 had hemolytic-uremic syn-
drome as initial nephropathy, 1 had a lupus antico-
agulant and 1 had a sequela of venous thrombosis on
the iliac vessels used for graft anastomosis. We then
searched for additional risk factors by comparing the
clinical parameters of the 13 recipients with thromboses
to those of 218 patients free of this complication. Cold
or warm ischemia times, numbers of HLA-A, -B, or -
DR mismatches, dose of first OKT3 injection (5 or 10
mg), numbers of patients with preformed anti-HLA

Figure 1.: Glomerulus from a patient with OKT3-induced
thrombotic microangiopathy. The capillaries are occluded
by swollen endothelial cells (black arrows) and by fibrin-
like material (white arrows). (Periodic acid-Schiff;
magnification x240)

Figure 2.: Electron micrograph of glomerular capillary
loop from a patient with OKT3-induced thrombotic
microangiopathy to show detachment of endothelial cells
(E), lucent expanded subendothelial zone (*) and red cells
(RC) which appear to be trapped between endothelium
and basement membrane and accumulation of polymor-
phonuclear cells (PMN) in the narrowed lumen. (magnifi-
cation x3360)
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antibodies and numbers of retransplant patients were
not significantly different in either group. The only rel-
evant parameter appeared to be the mPDS dose given
as pretreatment before the first OKT3 injection. Indeed,
6 out of the 42 patients (14%) who received 30 mg/kg
mPDS experienced a thrombotic event, as compared
to 7 out of the 189 patients (3.7%) who received the
regular 8 mg/kg m-PDS (p=0.016). This latter incidence
is similar to the 2 to 3% of graft vessels thromboses
reported in the absence of OKT3 prophylaxis [131, 132]
suggesting that the intrinsic risk of thrombotic event
related to OKT3 is low. The precipitating role of high
dose steroids is supported by several experimental data
(see below).

Prevention of OKT3 nephrotoxicity after kidney
transplantation

An increased incidence of delayed graft function
may be traced to the policy of restriction of peri-opera-
tive fluid infusion, implemented initially because of
the known risk of life-threatening pulmonary edema
in hypervolemic patients receiving OKT3 [91]. Post-
operative hypovolemia together with the use of high
dose of mPDS (30 mg/kg) before the first OKT3 injec-
tion probably combined to trigger graft vessels throm-
boses. In January of 1992, this led us to modify our
perioperative management of kidney transplant recipi-
ents receiving OKT3 prophylaxis in three ways: 1) pre-
operative hypovolemia was corrected; 2) the calcium-
channel blocker diltiazem, considered beneficial for
recovery of graft function, was administered on the day
of transplantation; and 3) the high dose of mPDS pre-
viously shown to precipitate OKT3 coagulopathy was
avoided [133]. Comparison of two consecutive series
of patients (group 1, control patients, n=172; group 2,
managed as described above, n=173) showed that: 1)
the incidence of delayed graft function fell from 52%
in group 1 to 22% in group 2 (p<0.0001); 2) pulmonary
edema was not more frequent in group 2 (3.5% vs 1.7%
in group 1, p=0.5); 3) the frequency of intragraft throm-
bosis fell from 7.6% in group 1 to 1.2% in group 2
(p=0.0034). Multivariate analysis showed that the vol-
emia/diltiazem program and avoidance of high mPDS
dose were the most important factors responsible for
the reduced occurrence of delayed graft function and
graft vessels thrombosis, respectively. Thus, a com-
bined strategy of avoidance of high steroid doses, ad-
ministration of a calcium-channel blocker and optimi-

zation of volume status is safe and efficiently prevents
OKT3 nephrotoxicity (Table 3) [133].

Pathophysiological considerations

Transient kidney graft dysfunction and acute tubular
necrosis

The cytokines released after the first OKT3 injec-
tion probably play a major role in the pathogenesis of
this type of OKT3 nephrotoxicity. Indeed, injections in
rodent and man of recombinant IL-2 [134, 135], IFN-γ
[136, 137] or TNF-α [138] have been consistently re-
ported to induce renal dysfunction, sometimes in as-
sociation with acute tubular necrosis. The following
hypotheses can be put forward to account for OKT3-
induced renal dysfunction in kidney transplant recipi-
ents:
1. Renal ischemia. This is due to several factors. First,

OKT3 induces a transient decrease in myocardial
contractility [139], which also occurs after infusion
of IL-2 [140] and TNF-α [141, 142]. Second, the same
mediators cause extravasation of intravascular
fluid, the so-called “vascular leak syndrome” [138,
143, 144]. This reduces circulating blood volume
and further compromises renal perfusion. Finally,
OKT3 leads to systemic release of the vasoconstric-
tor molecule endothelin [145], to which the renal
vasculature is particularly sensitive [146].

2. Induction of cells and molecules able to mediate
kidney injury.
First, cytokines such as IFN-γ and IL-1 exert direct

toxic effects on the kidney, as indicated by their ability
to induce death of renal tubular cells in culture [147].
Second, activation of leukocytes by pro-inflammatory
cytokines renders them capable of mediating tissue le-
sions [148-150]. For instance, neutrophils, which are
activated after OKT3 injection [151], can cause renal
failure through the release of oxygen radicals and pro-
teases [152].

To get further insights into the anti-CD3-induced
nephrotoxicity, we investigated in a murine model the
ability of anti-CD3 mAb to directly damage native kid-
neys. For this purpose, we injected mice with the ham-
ster anti-mouse CD3 mAb 145-2C11 [153]. Like OKT3,
this mAb is immunosuppressive [154] and first induces
a transient release of several cytokines in the circula-
tion, such as IL-2, IL-6, TNF-α, and IFN-γ [102, 155,
156]. Histologic analysis revealed signs of tubular ne-
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crosis 48 hours after the injection of the 145-2C11 mAb
[156]. Lesions were prominent at the corticomedullary
junction where abrasion of the brush border of the tu-
bular epithelium and desquamation of tubular epithe-
lial cells were commonly seen. This tubular injury was
associated with increased blood urea nitrogen levels
and enhanced urinary excretion of endopeptidase 24.11
[156], an enzyme of the brush border of the proximal
tubular epithelium.

The role of cytokines in anti-CD3-mAb-mediated
nephropathy was analyzed by pretreating mice with
either neutralizing anti-TNF antibodies or mPDS [156].
The histologic lesions and the renal excretion of en-
dopeptidase 24.11 were moderately prevented by anti-
TNF antibodies, suggesting the involvement of other
mediators, which could act in synergy with TNF-α. In
support of this view, steroid pretreatment before anti-
CD3 challenge almost completely abolished IL-2, TNF-
α and IL6 release and resulted in preservation of renal
histology.

In addition to the ability of activating anti-CD3
mAbs to mediate renal injury of normal, native kid-
neys, the renal transplant might be more susceptible
to injury at the time of OKT3 administration for the
following reasons:
1. Increased expression of adhesion molecules on the
kidney graft.

Cold and warm ischemia associated with organ pro-
curement and the inflammatory lesions present dur-
ing acute rejection are likely to increase the risk of acute
failure after OKT3 exposure. Indeed, both ischemia and
rejection increase the expression of adhesion molecules
on endothelial and parenchymal cells [157]. In addi-
tion, administration of OKT3 in man leads to increased
expression of the adhesion molecules ICAM-1 and
VCAM-1 on dermal vessels [158]. This was associated
with an increased recruitment and migration of T cells
within the skin. Along the same line, injection of acti-
vating anti-CD3 antibodies in mice also induced patchy
endothelial expression of VCAM-1 on large arteries in
all tissues examined [159]. Of particular relevance was
the observation that VCAM-1 expression was much
more abundant, and not restricted to large arteries but
now also involving capillary endothelial cells, in re-
cently implanted cardiac isograft. Thus, OKT3 may
synergize with ischemia to induce massive expression
of adhesion molecules on graft endothelial cells.
2. Preferential recruitment of effector cells in the kid-

ney graft.
Cross-linking of CD3 and Fcg receptors, together

with the release of pro-inflammatory cytokines, trig-
gers enhanced expression of adhesion molecules on
leukocytes. Thus, in vivo and in vitro experiments have
shown that OKT3 upregulates the expression of acti-
vation epitopes of CD11a/CD18, as well as increased
expression of CD11b/CD18 on T cells [158]. This re-
sulted in increased adhesion of these cells to vascular
endothelium. Likewise, OKT3-treated patients display
increased expression of CD11b on granulocytes [160],
and of CD11b, CD11c, and CD29 on monocytes [160,
161]. This could obviously lead to sustained recruit-
ment and activation of potentially damaging leuko-
cytes in the renal allograft.

Intragraft thromboses
This adverse effect is related to the ability of OKT3

to activate the coagulation system as indicated by se-
quential determinations of plasma levels of prothrom-
bin fragments 1+2 (F 1+2). These molecules are released
during conversion of prothrombin to thrombin and
witness activation of the common pathway of the co-
agulation system [162]. All kidney transplant recipi-
ents tested in our center displayed increased plasma
levels of prothrombin fragments, which peaked 4 hours
after the first injection of OKT3 (mean ± SEM: 4.82 ±
0.73 vs. 1.75 ± 0.37 nmol/L in controls, p < 0.01) [163].
The magnitude and the time course of the changes in F
1+2 plasma levels were similar whether the patients
received 5 or 10 mg OKT3, and whether OKT3 was
given as prophylaxis or for treatment of rejection. Fi-
brin degradation products, indicative of a fibrinolytic
process, were already above baseline values at 4 hours,
and continued to increase until 24 hours [163]. Finally,
the levels of von Willebrand factor antigen, a molecule
released by activated or damaged endothelial cells,
were also significantly increased after OKT3 injection.
This systemic activation of coagulation is transient, as
it occurs only after the first injection of the mAb [163].
The hemostatic changes induced by OKT3 have been
confirmed in two independent studies [164, 165]. These
investigators found increased levels of thrombin-anti-
thrombin-III complexes, indicative of activation of the
coagulation, as well as of tissue-type plasminogen-ac-
tivator [164, 165] and plasmin-α2-antiplasmin com-
plexes [165] indicative of fibrinolysis, after the first in-
jection of OKT3. In addition, Raasveld et al. found no
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changes in plasma kallikrein-C1-inhibitor complex,
suggesting that activation of the coagulation occurs via
the extrinsic rather than the intrinsic pathway [164].

In vitro studies showed that the mechanisms un-
derlying activation of the coagulation by OKT3 are re-
lated to the induction of procoagulant activity of the
tissue-factor type on both endothelial cells and mono-
cytes.

1. Endothelial cells
We investigated the ability of OKT3 to induce tis-

sue factor activity at the surface of human umbilical
vein endothelial cells (HUVEC). While both OKT3 and
supernatants of unstimulated peripheral blood mono-
nuclear cells (PBMC) were inactive, supernatants of
OKT3-stimulated PBMC induced a massive increase
of tissue factor activity at the HUVEC surface as mea-
sured by thrombin generation [163]. The marked inhi-
bition of this procoagulant activity by anti-TNF mAb
showed that TNF-α is an important mediator of the
procoagulant effect of OKT3 at the endothelial cell level
[163]. This is in line with the well-known ability of TNF-
α to induce expression of tissue factor on the endothe-
lium, thereby promoting microvascular thromboses
[166, 167].

2. Monocytes
We and others observed that monocytes display in-

creased procoagulant activity after culture of PBMC
with OKT3 [124, 168, 169]. As for endothelial cells, this
activity is due to increased tissue factor expression
[124], confirming that the extrinsic pathway of the co-
agulation plays a major role in the hemostatic changes
induced by OKT3. The mechanisms by which OKT3
induces tissue factor on monocytes are still unclear.
While products of activated T cells such as monocyte
procoagulant inducing factor [170] or IFN-γ [171] could
play a role, TNF-α does not seem to be involved [172].

Beside soluble factors, cognate interactions between
activated T cells and monocytes appear to be neces-
sary to elicit monocyte procoagulant activity [173].
Whatever the mechanism, recent observations indicate
that the first injection of OKT3 triggers circulating
monocytes to display increased tissue factor expres-
sion and activity in vivo like it does in vitro [174]. Thus,
the procoagulant activity of circulating monocytes was
increased 3- to 5- fold at 3 and 5 hours after the initial
OKT3 injection. These monocytes displayed increased
tissue factor expression at the same moments. Tissue
factor mRNA was detected in blood by PCR as early
as 2 hours after OKT3 administration. In vitro experi-
ments showed that OKT3 as well as 2 mitogenic, hu-
manized anti-CD3 antibodies potently induced mono-
cytic procoagulant activity whereas the 4 non-mitoge-
nic anti-CD3 antibodies tested were over 1000-fold less
potent than OKT3 [174].

In addition to its ability to induce tissue factor ex-
pression and activity on endothelial cells and mono-
cytes, OKT3 probably also promotes intravascular
thromboses by several other mechanisms. First, proin-
flammatory cytokines such as TNF-α, IL-1 and IFN-γ
synergize to decrease endothelial cell expression of
thrombomodulin [166, 175], thereby markedly inhib-
iting the anticoagulant effects of protein C and S [176].
Second, these mediators also increase the release of
plasminogen activator inhibitor-1 [177, 178], one of the
key anti-fibrinolytic molecule. However, at the same
time proinflammatory cytokines induce the production
of molecules such as tissue-type plasminogen activa-
tor [178], prostacyclin [179] and endothelium-derived
relaxing factor (nitric oxide) [180, 181] that will help to
maintain homeostasis. Indeed, tissue-type plasmino-
gen activator will initiate fibrinolysis, while both pros-
tacyclin and nitric oxide will potentiate each other in
reducing platelet activity [167, 176, 182].

Table 3. Strategies for prevention of OKT3 nephrotoxicity.

1. Avoid prophylactic OKT3 therapy in patients at risk for thrombosis:
a. Patients with lupus anticoagulant or hemolytic-uremic syndrome as primary disease
b. Recipients of kidneys from pediatric donors or adult donors with significant vascular lesions

2. Administer 4 to 8 mg/kg steroid pretreatment before the first OKT3 dose*.

3. Avoid hypovolemia and administer a calcium channel blocker for the prevention of postoperative acute tubular
necrosis.

*Lower doses do not adequately control the systemic side effects of OKT3 and are associated with increased incidence of acute tubular necrosis while
higher doses might promote intragraft thromboses
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Concluding remarks

The initial lymphocyte and monocyte activation in-
duced by the OKT3 mAb is responsible for first dose
reactions, which include a transient nephrotoxic effect
in kidney, transplant recipients. Moreover, activation
of the common pathway of coagulation occurs at the
initiation of OKT3 therapy. When additional predis-

posing factors are present, irreversible intragraft throm-
boses may ensue. Our present strategy to prevent OKT3
nephrotoxicity is summarized in Table 3. While appro-
priate clinical management can efficiently prevent
OKT3 nephrotoxicity, extrarenal reactions related to
the release of cytokines still occur in most patients re-
ceiving OKT3. This justifies the efforts made to develop
new mAbs for immunosuppression including non-ac-
tivating anti-CD3 mAbs.
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