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INTRODUCTION 

Hemolytic uremic syndrome (HUS) and thrombotic thrombocytopenic 
purpura (TIP) are overlapping syndromes that have puzzled hematologists for 
decades. Recent evidence has shown that the overwhelming majority of cases of 
HUS (and a smaller but growing proportion of cases of TIP} are caused by a 
toxin produced by enteric bacteria. The toxin, referred to as verotoxin or Shiga
like toxin, causes direct damage to endothelial cells and produces the clinical 
syndrome. Recent epidemics of hemorrhagic colitis associated with a verotoxin
producing E. coli strain 0157:H7 have occurred in several states in the Far West. 
Between November 15, 1992 and February 28, 1993, more than 500 confirmed 
infections with E. coli 0157:H7 occurred in Washington, Idaho, California, and 
Nevada. Forty patients developed HUS and four died, all of them children. 
Nearly all of the cases were associated with the ingestion of ground meat eaten at 
a particular fast food restaurant chain. The purpose of this medical grand rounds 
is to illustrate the clinical features and epidemiology of verotoxin-mediated HUS 
and TIP, to delineate the cellular actions of the toxin, and to investigate whether 
the toxin sheds any light on the role of endothelium in anti-thrombotic 
mechanisms. We'll begin with a case that presented to the Hematology Consult 
Service during the summer of last year. Several similar cases were seen in the fall 
and winter of '92-'93. 

CASE REPORT 

F. G. is a 66 year-old Latin American woman who was admitted to the PMH 
Surgical Service in July of 1992 because of abdominal pain and lower 
gastrointestinal bleeding following a brief diarrheal illness. Her admitting 
laboratory data included a leukocyte count of 13,900 cells/cu mm, hematocrit of 
47.9%, platelet count of 232,000 and serum creatinine of 0.8 mg/ dl. Colonoscopy 
revealed severe colitis, and a presumptive diagnosis of Crohn's disease was 
made. Azulfadine, metronidazole, and prednisone were begun. On the fifth 
hospital day, she became disoriented and had a seizure. A low-grade fever was 
noted. The hematocrit fell to 28.1 o/o and the platelet count dropped to 18,000 over 
the course of less than 48 h. A peripheral blood smear showed fragmented 
erythrocytes. A rise in serum creatinine to 1.8 was noted, and she became anuric. 
The prothrombin time was 13.6 seconds and the partial thromboplastin time 
remained unchanged at 25.0 seconds. The patient was treated emergently with 
dialysis, fresh frozen plasma, daily plasma exchange, and intravenous gamma
globulin. Despite multiple complications including bacterial sepsis, prolonged 
intubation, and candidemia, necessitating a two month hospital stay, she 
recovered fully and has remained well since discharge. 

HUS AND TTP: CLINICAL FEATURES 

TTP was described as a distinct clinicopathologic entity by Moschcowitz 
nearly 70 years ago (1). In this classic paper, entitled "An Acute Febrile 
Pleiochromic Anemia With Hyaline Thrombosis Of Terminal Arterioles," the 
pathological hallmark of TIP (arterial hyaline thrombi) was first noted. The 
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classic ·"pentad" of findings in TIP were brought to the fore in 1966 in an 
important review article in Medicine by Amorosi and Ultmann (2). These pentad 
features are microangiopathic hemolytic anemia, thrombocytopenia, neurological 
manifestations, fever and renal disease (Fig. 1). 

1. MICROANGIOPATHIC HEMOLYTIC ANEMIA 

2. THROMBOCYTOPENIA 

3. RENAL: HEMATURIA, PROTEINURIA, ACUTE RENAL 
FAILURE 

4. NEUROLOGIC: HEADACHE, PARESIS, COMA, SEIZURES 

5. FEVER 

ONLY 40% OF PATIENTS WILL HAVE ALL FIVE! 

Fig.1 

Of course, there is no "gold standard" for the diagnosis of TIP; it is a 
constellation of signs and symptoms occurring in an appropriate clinical setting. 
One would be hard-pressed to make the diagnosis in the absence of either 
microangiopathic hemolytic anemia and some degree of thrombocytopenia; the 
other features (fever, neurological signs/symptoms, and renal dysfunction) may 
be fluctuating or •mild. Actually, a minority of patients will have all five of the 
features during the clinical course. 

The mean hematologic values for the patients described in the Amorosi 
review are presented in Fig. 2. The anemia and thrombocytopenia are usually 
quite severe. The findings of depressed fibrinogen level and prolongation of the 
PT and PTT should make one consider the diagnosis of disseminated 
intravascular coagulation (DIC) instead. However, some patients with TTP will 
exhibit an elevated titer of fibrin split products, presumably as a result of local 
thrombin production and fibrinogenolysis. 
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Mean Laboratory Values For 25 Patients With TTP 

Hct ......................... 21.3 fibrinogen ................ 225 

platelet count ....... 20,500 . PT ...... (normal in 22125) 

wbc ..................•..... 14,300 PTT .••. (normal in 24/25) 

retic count ............... 14% FDPs ............ (25% > 1:32) 

Fig. 2 (adapted from (3)) 

The renal dysfuction in 1TP is mild, in contrast to the picture seen in HUS, 
in which renal failure is an invariant feature, with about 70% of patients 
requiring dialysis (4). Only 12% of patients with classic 1TP develop frank renal 
failure (Fig. 3). Of note, about 13% of 250 patients in this review complained of 
abdominal pain, and melena was a feature in 8%. 

RENAL MANIFESTATIONS OF TIP 

Microscopic hematuria 61% 

Gross hematuria 15% 

Proteinuria-any 59% 
> 2 glday 1.5% 
> Sglday 1.5% 

Cr> 2.0 45% 
Cr> 5.0 12% 

Acute renal failure 12% 

Fig. 3. (adapted from (3)) 

HUS was first described by Gasser, et al. in 1955 in a paper, entitled 
"Hemolytic-Uremic Syndrome: Bilateral Renal Cortical Necrosis And Acute 
Acquired Hemolytic Anemia" (translated from the German). In this paper the 
cardinal triad of microangiopathic hemolytic anemia, thrombocytopenia and 
acute renal failute are described. Interestingly, a fourth feature (neurologic 
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dysfunction similar to that seen in TIP) was also included in this original 
description. lillS is commonly thought of as a disease of children. A prodrome 
consisting of a diarrheal illness (occurring in 90% of cases (5)), often with bloody 
stools, has also been noted, and it is interesting that this has not been emphasized 
as a cardinal feature of the disease. (In retrospect, it is an important finding.) 
lillS is the leading cause of acute renal failure in children and carries with it a 
10% mortality and a 25% chance of residual renal or neurologic deficits. The 
relapse rate is low (4). 

Fig. 4 provides a comparison of some distinguishiilg features of HUS and 
TIP. 

Feature HUS TIP 

Age: Children Adults 
Diarrhea: Yes Occasional 
Renal: ARF Mild 
Neuro: Rare Common 
Relapses V. Rare Common (8-37%) 

Fig. 4 

The relapse rate in TTP is increasing because more patients are surviving 
the initial episode. In a more recent study, the rate of relapse approached 37% 
(6). The relapse rate in HUS is very low. Interestingly, a hereditary form has 
been reported, with HUS or TTP occurring in multiple family members (7). 

''VEROTOXIN'' AS THE ETIOLOGIC AGENT IN HUS 

In 1977, Konowalchuk, et. al. (8) took filtrates of E. coli cultures and placed 
them on monolayers of Vero cells (an African green monkey kidney cell line). 
Certain E. coli strains appeared to produce a potent cytotoxin that slowly killed 
the cells over the course of about four days (see Fig 5). The toxin was 
antigenically distinct from other E. coli enterotoxins, which did not share this 
type of cytotoxicity. They called the active agent "Verotoxin" (VT). Around the 
same time, O'Brien and coworkers (9) described a similar cytotoxin found in 
enteropathogenic strains of E. coli that was lethal for He La cells. They called the 
toxin Shiga-like toxin because, like Shiga toxin, it inhibited protein synthesis, was 
enterotoxic in the rabbit intestine, and killed mice. Later, it was appreciated that 
Shiga-like toxin and verotoxin were the same; subsequently, an antigenically 
distinct verotoxin, VT2 was characterized. We now know that Shiga toxin and 
Shiga-like toxin (VT1) differ only by one amino acid in their primary sequence 
(10, 11), whereas VT1 and VT2 share a 57% identity at the nucleotide level (12). 
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Fig. 5. Verotoxin cytopathic effect observed over the course of four days. 
From ref (8). 

The pathological significance of verotoxins was uncertain, and would have 
remained so, if it weren't for two outbreaks of hemorrhagic colitis in 1982 that 
were associated with a rare E. coli serotype, 0157:H7 (13). The two outbreaks, 
which occurred in early 1982 in Oregon and Michigan, affected 47 people and 
was characterized by severe cramping abdominal pain and initially watery 
diarrhea followed by grossly bloody diarrhea. All but two of the cases 
interviewed had eaten a hamburger at one local fast food restaurant chain, at a 
median of four days prior to the attack. Screening for routine enteric pathogens 
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was negative, but a rare E. coli 0157:H7 serotype was isolated from 12 cases and 
from a hamburger from the restaurant chain. Only one infection due to this 
serotype had been reported previously~ in a woman with bloody diarrhea in 
1975. Shortly thereafter, O'Brien and colleagues documented the production of 
high levels of shiga-like toxin by this serotype (9). 

The key observation linking verotoxin production to HUS came from 
investigators at the Hospital for Sick Children in Toronto (14, 15). A verotoxin
positive strain of E.coli was isolated from the bowel of an 18-month old boy 
dying of HUS. Given the previous association of HUS with bloody diarrhea, 
these investigators decided to look for evidence of verotoxin prospectively in 
their patients with HUS. Fully 60% of 40 patients had either free verotoxin or 
verotoxin-producing E. coli isolated from the stool, and an additional16 patients 
had VT -neutralizing antibodies in their sera; therefore, 75% of the patients with 
HUS had evidence of verotoxin-produciug E. coli. None of 40 control patients 
had either free verotoxin or VT-producing E. coli in stool samples; sera was not 
tested for neutralizing antibodies. Free verotoxin was a more sensitive test than 
the ability to culture the offending organism. 

Evidence of Verotoldn-produc:iq E. coli 
(VTE.C) ad free VerotoJdn (VT) iD stool ample& ofpa. 
tienta with idiopathic HUS and iD IDitCbecl coDlrOI&. 

No. with toDowiD&: 

VTEC VTI!C VT 
Subjects and VT olliy" ooJyf Tocal ( .. ) 

Patinta 
(11 - 40) 9 12 :u CliO) 

Conttcll 
(11 - 40) 0 0 0 0 

• Stoolamples 1101 anilable ror inYittlaation or free VT. 
+ VTEC were 1101 d.tlcted dolpitellllin& lO lndiYidual colo

Ilia Iron primary apr. 

Table 1. From ref. (15). 

Since this initial study, a number of prospective studies of HUS patients 
have firmly established the association between HUS and VT -producing E. coli, 
both in the U.S. (16, 17), and in other countries (18, 19, 20, 21, 22, 23). The overall 
rate of finding evidence of VT -producing E. coli was around 75% in these studies; 
a decrease in the rate of recovery of free VT or VT -producing E. coli with time 
has been observed (Fig. 6) and one explanation for the low rate of recovery in 
some studies may be the age of the samples. A more recent study (18) that relied 
heavily on serologic data found evidence of infection in 22 out of 22 consecutive 
cases (Table 2). The predominant organism responsible for producing the toxin 
was E. coli 0157:H7, although other serotypes have been isolated (24). 
Interestingly, 0157:H7 has been responsible for the many outbreaks of bloody 
diarrhea in the Pacific Northwest, upper Midwest, and Canada (see below); 
however, the highest reported frequency of HUS in the world. in is Argentina, 
which has an extemely high frequency of summer diarrheal illness among 
children-E. coli 0157:H7 is distinctly uncommon in HUS in Argentina (25) and 
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Chile (20), although evidence of verotoxin in invariably present. Other bacterial 
strains must account for these outbreaks. 
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·Fig. 6. Recovery of E. coli 0157:H7 in 52 HUS patients. Black bars=culture 
positive. White bars=culture negative. Hatched bars=culture negative in group 
setting with culture positive patients. From ref. {17). 

What about children with HUS who do not present with the classic 
prodrome of bloody diarrhea? Is VT-producing E. coli a factor in these illnesses 
as well? In a prospective study of 49 children in Italy {19), the answer appears to 
be' ·affirmative. Twenty patients had bloody diarrhea, 15 had non-bloody 
diarrhea, and 14 had no diarrhea. Almost all (95%) of the first group had VT
producing E. coli infection, whereas fully 60% and 65% of the other patients also 
had evidence for infection. The etiology for HUS in the minority remaining is 
unknown. · 

Is VT-producing E. coli responsible for TTP in adults as well? Several case 
reports have appeared recently (26, 27) in which elderly patients with bloody 
diarrhea and TTP (similar to F. G. above) have had documented E. coli 0157:H7 
infection. In addition, an outbreak of bloody diarrhea in a nursing home was 
associated with a rate of HUS/TTP of over 20%. About half of these patients had 
a syndrome indistiguishable from classic TTP (28). It is probably safe to say that 
most adults presenting with TTP and a "classical" prodrome of watery followed 
by bloody diarrhea will be shown to have infection with VT-E. coli. Whether this 
organism is responsible for TTP in patients lacking this prodrome awaits further 
prospective study. Interestingly, free VT has never been found in the .blQQ.d. of 
any HUS or TIP patient. Rapid, clearance by tight binding to target tissues 
appears to be the explanation for this observation. 

The frequent finding of VT-producing E. coli in patients striken with the 
disease, and the absence of the organism in normal controls fulfill the two of the 
three Koch-Henle criteria (29) for microbial causation of disease. I would like to 
turn our attention now to the third criteria: experimental demonstration of the 
pathogenicity of VT -producing E. coli, concentrating on the mechanism of action 
of the verotoxin. Later we will come back to the clinical aspects and 
epidemiology of the disease. 
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Antio0i57 liS anllbody 
(Initial_, nmeaner 

Patent No. 
1too1 ••amlnatton cietectH by IHM 

anaet of 
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cmclage Lcoll ,,..feoal dlanti_/H .. 
(Yr, mo) IIOklte" vrr LPIOtl7 LPIOttt (dCIYI) DlanMCI lM*ocyletl OUioaiM 

Cnupl 
I (0. II) 01S7:H- n ~6.5SU " S/l W&&ery U.l Good 
2 (7, II) 01S7:H- II 16314 NT 1/5 Jloocly 26.0 ..... 
, (I, 5) 01S7:H- II 40H " 5/1 alaody t.7 a.ublria 
4 (I, 0) 0157:H· II 40H 16 11/3 Bloacly 13.7 Goad 
5(0. II) OIS7:H· II 40H 64 4/0 w..., 15.1 Oood 

01'111q12 
6 (S, S) II ~65536 64 7/1 Bloody IU Goad 
7 (Z, 2) D 01!::6.5536 2S6 'II Watery IS.& OoOii 
• (1. 7) u 6.5536 16 7/1 Bloody 17.3 OoOii 
9 (4, 4) D 16314 2S6 9/l lloadJ IU Goad 

10 (6. 9) u 40H 64 ,,, Wu..y 17.S Good 
II (:Z. 2) u 4096 64 - 7/2 Waler)' 11.0 Good 
12 (6. 2) 11 40H 64 5/1 Bloody IS.I HJPCNulaa 

0RIIIp] 

13 (1.1) a:U536 i4 7/1 Bloody 11.1 Goad 
14 (I. 4) 01!::655]6 64 l/1 Bloody 14.1 Goad 
IS (1. 9) 655]6 2S6 6/1 Bloody 12.2 Goad 
16 (J, 9) 16314 NT 6/2 Bloody 43.5 Good 
IT (J, 7) 16ll4 2.56 1/2 lloodJ tJ.T OoOii 

- 11(6,0) 16314 NT 5/2 lloodr 1.1 Good 
19 (3, 7) NT NT 16314 64 S/2 lloody ' Fala.l 

CiRIIIp4 
20 (1. 6) 026:HII I 64 NT 5/1 Bloody G.t Goad 
21 (4, I) OSS:Hi u 64 64 l/2 Watary f.S Goad 
22 (D, 10) Olli:HI D 1024 2S6 1/3 WallfY 20.0 Goad 

INA, I..._ -...aJIIIiull• -:r.HT. 8111111111. 
..... ..-.tvr---",..IIJ Hd.a .- v _ _. --'"-.._.. .,.._ 
~,--......,~llrSLT-1-•ILT·I~Mtlllrl. 
u.a-J tillll.t t.11rea ,_..,....._ _, wi1k .._ .,.,.,_ ...,;ti .. w~ P11ria.1 LPS fran~ L alii OIS'I:H1_.. tJJ Ulll L alii 0111. 
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Table 2. From ref. (18). 

9 



I 

\ 

''VERO" TOXIN AS THE ETIOLOGIC AGENT IN HUS: 

•HUS as a complication of Shigellosis 
1974 Castro, Rosal, and Sanchez (30) 
1974 Guillen-Alvarez and Bolanos (31) 
1978 Koster, et. al. (32) 

• Discovery of ''V ero" toxin from E. coli. Assays developed. 
1977 Konowalchuk, Speirs and Stavric (8) 

•Verotoxin-producing E. coli (serotype 0157:H7) causes human disease 
1982 Riley, et. al. (CDC-Atlanta) (13) 

•Verotoxin-producing E. coli infection found in 75% of cases of HUS 
· 1985 Karmali, et. al. (15) 

•Verotoxin-producing E. coli infection in sporadic TI'P. 
1986 Morrison, Tyrrell, and Jewell (27) 
1990 Kovacs, et. al. (26) 

RELATED DEVELOPMENTS: 

• Discovery of Shiga toxin 
1903 Conradi (33) 

• Enterotoxicity of Shiga toxin 
1972 Keusch, et al. (34) 

• Purification of Shiga toxin 
1980 O'Brien, et al. (35) 
1980 Olsnes and Eiklid (36) 

• Purification of Shiga-like toxin; similarity to Vero toxin 
1983 O'Brien and La Veck (37) 
1983 O'Brien, et. al. (9) 

•Ooning of structural genes encoding Shiga-like toxins 
1986 Huang, et. al. (38) 
1985 Newland, et. al. (39) 
1985 Willshaw, et. al. (40) 

• Mechanism of action of Shiga and Shiga-like toxins 
1988 Endo, et. al. (41) 
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STRUCTURE OF SHIGA AND SHIGA-LIKE TOXINS 

The discovery of Shiga toxin is credited to Conradi in 1903 (33). The 
active principle was purified in 1980 by O'Brien and coworkers (35) and by 
Olsnes and Eiklid {36). In 1983, O'Brien and coworkers purified the verotoxin 
from a verotoxin-producing strain of E. coli, and discovered that it shared 
immunological cross-reactivity to Shiga-toxin. They called this verotoxin "Shiga
like toxin I", or SLT-1, and this nomenclature had predominated in the U. S. 
literature. Outside the U. S., the term verotoxin 1, or VT 1 is used. In this paper, 
I will use them interchangeably. A second form of verotoxin, immunologically 
distinct from VT1, was soon discovered, and named SLT-11 or VT2. With the 
cloning of the structural genes for SLT-I and SLT-11 (38, 39, 40), the relationships 
between Shiga toxin and SLT-I and SLT-11 became apparent: Shiga toxin and 
SLT-I differ by only one amino acid in the B subunit (10), while SLT-11 shares an 
overall 57% and 60% identity in the A and B subunits, respectively (12). Studies 
on the structure-function relationships between Shiga and Shiga-like toxins, 
including a variant, SLT-IIv, which causes edema disease in pigs, have been 
reviewed recently (42). 

Shigella tGxJn 

.,l' -"::"' / .. /~ 
-uL.-.l-cr __ e ... R__ ~I~l J 1 l 

Fig. 7. Structure of Shiga toxin. 

~ ... 
:.M2Ial1 

The structure of Shiga toxin is shown in Fig. 7. As discussed above, SLT-I 
differs by only one amino acid from this structure and SLT-11 is highly 
homologous. The toxin is composed of a 33 kDa A subunit, which possesses 
catalytic activity, and a 7.7 kDa B subunit, which mediates binding to target cells. 

The genes encoding SLT-I and SLT-11 reside on a bacteriophage that infects 
E. coli. (In contrast, the Shiga toxin gene of Shigella resides on a bacterial 
chromosome). The genes are transcribed as part of a polycistronic message, and 
translated separately (Fig. 8). The precursor polypeptides are secreted into the 
periplasm of the bacterium, and the leader sequences are removed. Next, four or 
five B subunits (the stoichiometry is still uncertain) associate with one A subunit 
to form the inactive holotoxin. It is presumed that the toxin is released following 
rupture and death of the bacterium. 
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MECHANISM OF ACTION OF SHIGA AND SHIGA-LIKE TOXINS 

Shiga toxin binds to cell surface receptors and enters cells by receptor
mediated endocytosis (Fig. 9) (44). The clathrin-coated pit pinches off from the 
membrane, forming a coated vesicle that becomes acidified. In contrast to other 
toxins, Shiga toxin entry in the cytosol is not triggered by low pH. It appears that 
transport to the Golgi is required for toxicity; for example, brefeldin A, a 
compound that dissolves the Golgi apparatus, blocks intoxication by Shiga toxin 
(45). The mechanism for the translocation of the A chain into the cytosol is still 
mysterious; calcium ions may be involved. One model, developed for a toxin of 
similar subunit structure (E. coli heat labile toxin) suggests that the multiple B 
subunits form a pore within the membrane that opens like the iris of a camera, 
and that the sides of the pore have binding pockets for extended peptide chains, 
like the peptide binding cleft of HLA molecules (46). Once the A chain enters the 
cytoplasm of the cell, it is cleaved by cytosolic proteases into two fragments (A1 
and A2), the disulfide bond between the two fragments is reduced, and the 
catalytically active Fragment A1 is released into the cytoplasm. 

Once inside the cell, the active Fragment A1 disrupts protein synthesis by 
inactivating ribosomes through an amazing mechanism. The toxin cleaves an 
adenine residue from a specific nucleotide of the 28 S rRNA component of the 
large ribosomal subunit (41). The loss of the .single adenine residue blocks 
peptide elongation by blocking elongation factor 1 (EF-1)-dependent aminoacyl 
tRNA binding (see Fig. 10 and 11). Amazingly, this is exactly the mechanism of 
action of the potent plant toxin ricin. Even the same adenine residue (A-4324) is 
cleaved by both toxins! The 28 S RNA N-glycosidase activity of Shiga toxin, SLT
IIv and ricin have been verified by microinjection experiments in Xenopus 
oocytes (47). Interestingly, the A chain of ricin and the A chains of the Shiga and 
Shiga-like toxins share only small, but presumably important, regions of 
homology. 

12 



~ * ~ * UTEIIIIAL lUIII 

~-...----
WTIIII alATED PfT 

! 

@ COATED IUICLE 

I ali) 

0 
IUIIIIIIF UIOSIIEI 
MnC COATED VOICU 

!~. e I'IIDCEIIIMI IIF 111• • c:nasaL 

? l? ~IIGTO 
M-D~-

... ~ Df PIIOTDI lnmtEIII: 
CELL DEATH 

Fig. 9. Intracellular processing of Shiga toxins. From ref. (43). 

13 



Mechanism of Action of Shiga Toxins 

+ reversible 
binding 
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P-Site A-Site Messenger RNA 

Shiga toxins 

Fig. 11. Mechanism of Action of Shiga toxins. 
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Fig. 11. Site of adenine removal on 28 S rRNA by ricin and Shiga toxin. 
From ref. (41). 

THE CELLULAR RECEPTOR FOR SHIGA AND SHIGA-LIKE TOXINS 

The cellular receptor for Shiga and Shiga-like toxins appears to be a neutral 
glycolipid, globotriaosyl ceramide, or Gb3. Gb3 consists of a ceramide base 
(analogous to diglyceride) linked to three sugar moieties (Fig. 12). Early reports 
(48, 49) questioned whether this binding site was the natural "functional 
receptor" capable of mediating not only binding but internalization and cellular 
toxicity, largely because there is an unexplained poor correlation between the 
number of binding sites and sensitivity to toxin among cell lines. However, 
further evidence supports Gb3 as the physiologically relevant receptor: Cells 
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lines completely lacking the receptor are never sensitive to the toxin (50); cell 
mutants selected for resistance to verotoxin have lost Gb3 from the cell surface 
(51); and these insensitive mutants regain close to normal sensivitity upon 
supplementation with exogenous Gb3 (52). In addition, a precedent exists for 
glycolipids as bacterial cytotoxin receptors, as the ganglioside GMt is believed to 
be the functional receptor for cholera toxin. Interestingly, binding of verotoxin to 
HeLa cells was found to vary about 10-fold within one cell cycle (53); cell surface 
Gb3 was found to fluctuate with the cell cycle, but the total amount of cellular 
Gb3 did not vary. Human renal tissue is rich in Gb3 (54). Human umbilical vein 
endothelial cells (HUVECs) are not particularly rich in Gb3 under normal 
circumstances; more about this later. The SLT variant that causes edema disease 
in pigs (SLT-IIv) recognizes Gb4 as its receptor. 

One enigma remains: if Gb3 is the true physiological receptor, then how 
does this glycolipid enter the receptor-mediated endocytic pathway, which thus 
far appears to require a protein recognition signal? The two other toxins that 
have glycolipid receptors, cholera and tetanus toxin, are internalized from non
clathrin coated areas of the cell membrane; thus, Shiga toxin is the only 
glycolipid-binding toxin to enter by this pathway. 

Laetoayl ceramide 

Trihexa.yl ceramide 

Globoaide 

Fig. 12. Structure of globosides. Gb3 is the middle structure. The small 
ovals represent ceramide. Open hexagons represent glucose moieties; closed 
represent galactose. The distal sugar in globoside is N-acetylgalactosamine. 

THE PATHOPHYSIOLOGY OF HUS: 
VEROTOXIN AND THE ENDOTHELIAL CELL 

Research into HUS has been hampered by the lack of a suitable animal 
model (reviewed in (55)). Following exposure to either SLT or to verotoxin
producing E. coli, rabbits develop diarrhea and hemorrhagic gut lesions, but do 
not develop renal or other vascular lesions. (The explanation for this failure may 
be the lack of Gb3 in the renal tissue of all other mammals except man.) 
Therefore, what we know about HUS.has been learned from renal biopsies, 
autopsies on patients dying of HUS, or cell culture experiments. If patients with 
active HUS are subjected to renal biopsy, a characteristic histopathologic picture 
is observed. The glomerular endothelial cells are swollen, and fibrin deposition 
and inflammatory cells are seen in the lumen of the glomerular vessels (56). 
These observations suggest that direct endothelial cell damage is the initial 
insult. However, initial studies on the sensitivity of human endothelial cells in 
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culture to the toxic effect of verotoxins have been disappointing: the cells are 
some million-fold less sensitive as compared to Vero cells (57). This is 
attributable to the very low level of toxin binding to the cells, as illustrated in 
Table3. 

Cell type 

HUVEC 
HSVEC 

Vero 
He La 

nmol GbJ.Lmg 

0.06 
0.03 
80 
25 

Table 3.Verotoxin receptors on cultured cells. 

Other investigators later went on to show that the cytokines TNFa. and IL-l 
sensitize HUVECs to the action of verotoxin by at least 100-fold (58). After 
treatment, the number of receptors for verotoxin increases dramatically, and 
there is a corresponding increase in the Gb3 content of these cells, so the effect 
appears to be mediated by an increase in the number of functional receptors on 
the cell surface (Fig 13). Concentrations as low as 17 pM inhibit protein synthesis 
in these cells, but they were still not as sensitive as Vero cells. -e 10.-----------------------~ 
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Fig. 13. TNF induces ligand for Shiga-like toxin on human umbilical vein 
endothelial cells. From ref. (58). 

Dr. Tom Daniel (Vanderbilt University Medical Center) and colleagues have 
recently provided a major insight into the pathophysiology of the renal lesion in 
.verotoxin-produced HUS (Obrig,T.G., Louise, C. B., Lingwood, C. A., Boxyd, B., 
Barley-Maloney, and Daniel, T. 0., J. Biol. Chern., in press). These investigators 
have been able to grow human microvacular endothelial cells in culture and 
show that they are exquisitely sensitive to Shiga toxin. Renal endothelial cells are 
killed by < 1 pM of Shiga toxin, while umbilical vein cells are not killed by > 1 
nM of toxin (Fig 14). Basal levels of Gb3 were about 50 times higher in renal cells 
than in HUVECs (Table 4). Cytokines did not alter the sensitivity of the renal 
microvascular cells. 
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Fig. 14. Differential sensitivity of human umbilical vein and human renal 
microvasculature endothelial cell to verotoxin. Closed circles, umbilical vein 
cells; open circles, renal endothelial cells. 

c:el.l type Lac car• Gb) c:at, 

(naol vlycolipid/101 oa11•) 

'IDC 2.3 3.2 7.7 

VVBC o.at 0.017 o.u 

aauo 

(llll&e,IUVaC) '·' " 1' 

Table 4. Neutral glycolipid levels in renal microva~cular (RMEC) and 
umbilical vein (UVEC) endothelial cells. 
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There should be no doubt that the killing of endothelial cells could result in 
local platelet thrombus formation and the resultant derangements seen in 
thrombotic microangiopathy. Loss of endothelium would be expected to expose 
collagen to circulating blood, initiating platelet aggregation. Endothelial cells 
also provide an active anticoagulant surface over which blood flows; some of 
these anticoagulant mechanisms, such· as the secretion of PGI2, the activation of 
Protein C by thrombin bound to thrombomodulin, and the secretion of tissue 
plasminogen activator are shown in Fig. 15. The relative importance of these 
several mechanisms in HUS and ITP remains to be determined. One recent 
study (59) has shown that PAI-l (plasminogen activator inhibitor-!} levels are 
markedly elevated in children with classical HUS, and the the levels drop 
dramatically with the institution of peritoneal dialysis. Some evidence was 
presented that the source of PAI-l was the endothelium. The importance of the 
elevated PAI-l in HUS remains to be established. 

CLINICAL FEATURES AND EPIDEMIOLOGY OF HUS CAUSED BY 
E. COLI 0157:H7 INFECllON 

Let's return now to the clinical features and epidemiology of verotoxin
induced disease. E. coli 0157:H7 infection is a new and virulent pathogen; 
before the two outbreaks of dysentery due to this organism in 1982, it was 
isolated in only a single case of diarrhea iri 1975. Beginning in 1982, the CDC 
established a surveillance system for this infection, asking for reports of illnesses 
consisting of crampy abdominal pain, bloody diarrhea, and negative stool 
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cultures for routine pathogens. Some of the methods used to diagnose these 
infections are listed in Table 5. 

DIAGNOSIS OF ENTEROHEMORRHAGIC 
E. COU 

Mathoda UMfUI for All Enterohemorrhaglc E. coli (EHEC) 
Free fecal toxin. toxin production by isolated colonies. or polymyxin extract of 

mixed colonies 
ELISAs lor toxins In culture or fecal extract 
Colony hybridization using large lragmer:t of genome or synthetic nucleoUdes 
Polymerase chain reaction emplilication 
Serologic response to SLT·Vll 
Methoda Specific for E. coli 0157:H7 
Sorbitol media 
Latex agglutination tor 0157 LPS 
H determination 
Serologic response to 0157 LPS 

Table 5. Diagnosis of enterohemorrhagic E. coli. From ref. (61). 

In the subsequent 2 year period, 28 people from 11 states met these criteria 
and had microbiologic evidence of 0157:H7 infection, demonstrating that 
hemorrhagic colitis caused by this organism is a widespread sporadic illness. I 
was surprised to learn that since 1982, there have been many outbreaks of 
0157:H7 infection in the U.S. and Canada. A listing of outbreaks from 1982 to 
1987 is presented in Table 6. (24). 

Outbraks ol VTEC OlS7:H7 infliCtion in Canada and lhc Uniccd Stale I" 

DMc~l Location No. Gf No. willa No.ol 
Setliaa .... HUS ... ha 

Feb.-Mar. 1982 ClSil Orea011• 26 Commuoity 
Ma~ll- l9G (JJI) Michi&an" :Zl Comii1Uoity 
Nov. 1912 (61) Ontario ll Nursiq bome 
May 1913 (61) 1..abndor 19 CoiiUDIIIlilf 
Au&. 1983 (68) Albcna 4 l Family 
Mar. 1914(61) Ontario 7 Nuniaal-. 
Sept. 19114 (166) Nebraska 3C 4 Nuniq bo111e 
Sept..-()ct. 1914 (1161 Not1b Carolina 36 ] Day-care cuter 
Alii· JjiS (61) Ontario~ 5 s Family 
Scpl.l~I'ZZ) Ontario' 7J ll 17 Nunina home 
Af;r. 1986 (43) OrUrio 30 ] School Uip 
Juel.M6(611 Alberta I 2 Nuraift& home 
Jll8t 1986 (611 Ontario :z Nuraina bonlc 
July 1916 (68) Brilish Columbia 20 CGmmuaity 
Ocr.-Nov. 1916 (196( WashiiiJIOO 'S7 3 2 Rcw.uranr 
Dec. 1916 (61) Ontario 4 ? 'Reltauraat 
1UDel917 (61) Albcna 13 2 Nuniq bomc 
Iuly 1917 (61) Oetario 9 Nuraioabo-
July 1917 (611 Oatario 6 Olrla' c:uup 
Alii· 1917 (611 O.tario 9 2 Nunioa hoiiiC 

Soura 

Ham.burl 
Hamburi 
Grouod I 

HalllbUI'J 

Hambu11 

Sllldwicl 
Raw mill 

Orouad I 

Grouod I 

• TU lable is lased in dclip Mel COIIenl 011 an eacellrM --:r of'VTBC OU7:H7..uociatcd outbratlln Cauda, 1912to 11117. by Hoctia ucl Liar 
(~by ....... ioel. Tile IMir lu bela llllitably oa ........ lo inelude U.S. OIL 

Sa&Rn .,.., IUipcclld Gl' Cllllltonnal. 
r c-...... illcluded eely '-rilqic coliliL 
"blo --• al.. -r. - · alomA. llllt. 
• no n llll'cclal I:8XI llocilldcll 35 02.5,., or 169 eldal)' "lldpll uclll 113,.1 of 111 sratr IIICmbcn . .U cases of HUS ud 1111 rullilica oc:curnd il 

reWdcntl. 
I~ et al •• Abolr. 1.111. Sy.,. Worlcsllop Veracy~G~oain-PnMIIICin& &c-llnr~ roll lnl'ectioas 1987. CEP-1. 

Table 6. From ref. (24). 
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The hallmark of 0157:H7 infection is bloody diarrhea, with the finding of 
hemorrhagic colitis on colonoscopy. However, nonbloody diarrhea, 
asymptomatic infection, as well as HUS and TIP lie within its broad clinical 
spectrum. Associated symptoms include severe abdominal cramps, and nausea 
and vomiting, with relatively little fever. Fig. 16 shows the cumulative incidence 
of symptoms during the outbreak in Washington state in 1987. Typically, the 
bloody diarrhea continues for 2 to 4 days, and the entire illness resolves in about 
a week. Interestingly, in one study, over 80% of patients who later developed 
HUS or TIP sought advice from a physician several days before the onset of 
these syndromes. From studying contacts of patients with hemorragic colitis, it 
is clear that nonbloody diarrhea and even asymptomatic infection are frequent. 
Risk factors for diarrhea caused by 0157:H7 infection appear to be very young 
and very old age (Fig. 17), previous gastrectomy, and possibly, recent antibiotic 
use (62). 
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Fig. 16. Cumulative incidence of symptoms during E. coli 0157:H7 
infection. From ref. (63) 
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Fig. 17. Age-specific rates of infection with E. coli 0157:H7. 

Most outbreaks have been associated with the ingestion of bovine food 
products, usually contaminated ground meat. Surface contamination under 
these circumstances becomes mixed throughout the meat, and improper cooking 
allows survival of the bacteria. Outbreaks related to contaminated drinking 
water, unpasteurized milk, and unpasteurized apple cider made from unwashed 
apples have also been reported. Direct person-to-person transmission is also well 
documented, presumably by the fecal-oral route, in outbreaks in day-care centers 
and in institutions for the severely mentally retarded. 

E: coli 0157:H7 lives in the intestines of normal cattle. The rate of isolation 
of E. coli 0157:H7 from fecal specimens from cows is about 1% in adult cows and 
5% in young cows. Carriage rates among people in the Pacific Northwest are 
only 8 per 100,000 (62). 

Food surveys for E. coli 0157:H7 have shown isolation rates as high as 4% 
from ground beef samples obtained from grocery stores in Wisconsin and 
Canada. There is a need for consumers to be aware that all but the most well
cooked hamburger may contain viable E. coli 0157:H7 and that children and the 
elderly are at especially high risk of illness from consuming undercooked beef. 

The infectious dose is probably very low. During the most recent outbreak, 
which occurred early this year in the Pacific states associated with hamburgers at 
a fast food restaurant chain, egregious errors in cooking or sanitation were not 
found; on the contrary, it was difficult to demonstrate errors in food handling, 
except that certain areas of the grills during peak hours may have not reached 
killing temperatures. Subsequently, restaurants have been asked to raise 
temperatures to 1550F to insure that all bacteria are killed. 

How frequently is diarrhea caused by E. coli 0157:H7 in North America? In 
each of five major studies, it was the second or third most frequent known 
pathogen. In one major study, it was easily the most frequent pathogen in cases 
of bloody diarrhea, much more frequent than Shigella (62). 

What proportion of patients develop HUS/ITP as a sequela of 0157:H7 
infection? If only patients with bloody diarrhea are considered, the rate is 
approximately 10% (reviewed in (62)). Fig. 18 shows the number of cases of 
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0157:H7 and the number of HUS/TTP cases per month during the 1987 
Washington state outbreak as an example. Risk factors for development of 
HUS/TIP appear to include very young or very old age, P antigen expression on 
red blood cells, bloody diarrhea, fever, and elevated leukocyte count early in the 
illness. Some strains of E. coli 0157:H7 produce both VT1 and VT2 while others 
produce VT2 alone. These latter strains appear to be associated with a higher 
incidence of HUS /TIP. 

Among the U.S. outbreaks, the mean number of cases was 56; 18% of 
pateints were hospitalized, 4% developed HUS or TIP, and 2% died (62). 
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Fig. 18. Number of cases of E. coli 0157:H7 in Washington state in 1987. 
From ref. (63). 

PROSPECTS FOR TREATMENT, PREVENTION AND CONTROL 

How does knowing the etiology of HUS and diarrhea-associated TIP affect 
our management of these patients? In the short run, it probably doesn't. A 
prospective, randomized, controlled trial of trimethoprim-sulfamethoxazole (to 
which verotoxin-associated E. coli are uniformly sensitive) in 47 children 
presenting with diarrhea and documented E. coli 0157:H7 infection was 
performed from June 1, 1989 to June 1, 1990 in Montreal (64). No effect on 
symptoms, duration of fecal pathogen excretion, or incidence of HUS were seen. 
In fact, there is evidence that exposure to subinhibitory concentrations of 
antibiotics may actually increase toxin production by the bacteria (65). As is the 
case in other toxin-mediated syndromes (for example, toxic shock syndrome), it 
may prove that antibiotic treatment is not very useful in the acute phase of the 
illness. 

On the other hand, identification of the toxin involved opens up the 
possiblity for the development of specific antitoxin or specific immune globulin. 
Some commercial immunoglobulin preparations contain some neutralizing 
activity against Shiga toxin (and SLT-1), perhaps explaining occasional responses 
to IV gammaglobulin. It is possible that a more specific, high-titer antitoxin 
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could be developed. Immunization against the toxin is also a possibility. These 
avenues are currently under investigation. 

In the meantime, public education programs and programs to control VT
producing E. coli contamination are underway to prevent further outbreaks of 
illness caused by this new pathogen. 

SUMMARY AND CONCLUSION 

HUS and TIP have puzzled hematologists for many decades. The etiology 
of the vast majority of cases of HUS is enteric infection by verotoxin-producing E. 
coli. In North America, E. coli 0157:H7 is the predominant verotoxin-producing 
strain. E. coli 0157:H7 illness is characterized by a prodrome of watery followed 
by bloody diarrhea, abdominal pain, and little or no fever. HUS develops in 2-
7% of symptomatic cases. The proportion of TIP in adults attributable to 
0157:H7 infection is unknown; any elderly adult with TIP and a prodrome of 
bloody diarrhea can be assumed to have the infection. These cases may account 
for up to 8% of TIP. A search should be made by researchers for potential toxin
producing pathogens in the remainder of patients with the "idiopathic" variety of 
TIP. Antibiotics have not been shown to alter the course of the disease, and 
treatment continues to be supportive, with plasma exchange (in TIP) and 
dialysis (in HUS) continuing to be effective treatments for severely affected 
patients. With the identification of the toxin, more specific therapies should be 
forthcoming. 
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