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Abstract

Background—The mechanism of kidney injury in hematopoietic stem cell transplantation
(HSCT)-associated thrombotic microangiopathy (TA-TMA) is not completely understood. Renal
C4d staining is a marker of classic complement activation and endothelial injury and has been
described in preliminary reports of HSCT recipients with TA-TMA. Our objective was to evaluate
complement in the pathogenesis of small vessel injury in children receiving HSCT. We
hypothesized that kidney tissue from children with TA-TMA would more frequently show C4d
deposition compared with HSCT recipients without histologic TA-TMA.

Methods—We reviewed kidney specimens (biopsy or autopsy) from children who had undergone
HSCT at a single center. Using histologic criteria alone, subjects were divided into TA-TMA (n=8)
and non-TA-TMA (control) groups (n=12). C4d staining was performed by
immunohistochemistry and evaluated on arterioles, peritubular capillaries, glomeruli, and tubular
basement membranes.

Results—Diffuse or focal renal arteriolar C4d staining was more common in subjects with
histologic TA-TMA (75%) compared with controls (8%). Rare peritubular capillary C4d staining
was present in 50% of TA-TMA samples and was absent in controls. Glomerular C4d staining was
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seen at a similar frequency in cases and controls, whereas tubular basement membrane staining
was less frequently observed and only in subjects with TA-TMA.

Conclusions—Aurteriolar C4d deposition may be a pathologic marker of TA-TMA, implicating
localized complement fixation in HSCT recipients with kidney disease secondary to small vessel

injury. Further studies to better characterize the preferential arteriolar C4d staining may identify a
renal compartment of injury, possibly explaining the dramatic hypertension seen in TA-TMA.
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RESULTS

The mechanisms of endothelial injury in hematopoietic stem cell transplantation (HSCT)—
associated thrombotic microangiopathy (TA-TMA) are not completely understood (1, 2).
HSCT recipients are exposed to multiple potential endothelial insults, including
chemotherapy, radiation, infections, and calcineurin inhibitors for graft-versus-host disease
(GVHD) prophylaxis (1, 3, 4).

In TA-TMA, microangiopathic hemolytic anemia is associated with endothelial thrombosis
and small vessel obstruction (4—7). Damage to the renal vasculature can lead to
hypertension, proteinuria, acute kidney injury, and chronic kidney disease (8-10). This is
significant because HSCT recipients requiring acute dialysis have a mortality rate
approaching 90%, chronic kidney disease is a complication in more than 15% of bone
marrow transplant patients, and survivors of HSCT have a risk of end-stage kidney disease
16 times higher than the general population (11-14).

The histologic findings of TA-TMA are virtually identical to those seen in other kidney
diseases associated with microangiopathy, including diarrhea positive hemolytic uremic
syndrome, thrombotic thrombocytopenic purpura, and, occasionally, antibody-mediated
kidney transplant rejection (1, 5, 15). Atypical hemolytic uremic syndrome, which is also
indistinguishable from TA-TMA by pathology, is associated with disruptions in the
alternative pathway of complement (16).

C4d staining is a marker of classic complement activation by tissue-specific antibodies or
direct endothelial injury (17, 18). Recent uncontrolled reports noted peritubular capillary
(PTC) and glomerular C4d deposits in kidney samples from HSCT recipients with TA-TMA
(19, 20). Our objective was to expand on these findings by examining if kidney tissue from
patients with TA-TMA more frequently demonstrated C4d deposition compared with HSCT
recipients that did not have histologic evidence of microangiopathy in the kidney.

Study Population

We identified a total of 21 specimens from 20 pediatric HSCT recipients with available
kidney tissue for C4d testing. Of these 21 specimens, 9 (from 8 subjects) had histologic
evidence of TA-TMA, 6 from biopsy tissue, and the remaining 3 from autopsy tissue. One
subject with TA-TMA had a biopsy and autopsy with similar renal findings; therefore, only
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the autopsy findings were included in the analysis. The 12 HSCT recipients without
histology-proven renal TA-TMA served as controls. All 12 of these control samples were
from kidney tissue obtained at the time of autopsy. The time from HSCT until the kidney
specimen was obtained was a median (interquartile range) of 233 days (91-511 days) for the
subjects with TA-TMA and 172 days (78-453 days) for the control subjects (P=0.59).

Clinical Characteristics

Association

The clinical characteristics of the study population are shown in Table 1. There was no
significant difference in age, gender, the occurrence of GVHD (in at-risk allogeneic
recipients), or the need for dialysis between subjects with TA-TMA and HSCT controls. The
subjects with TA-TMA were more likely to have an underlying diagnosis of malignancy,
whereas the controls were more likely to have an immunodeficiency. The subjects with TA-
TMA more commonly had received an autologous transplant and myeloablative
conditioning. There was no difference in the prevalence of viral infections between the two
groups.

Table 2 shows the transplant characteristics and outcome for the study population. In the TA-
TMA group, five subjects were alive at last follow-up. One patient died from relapsed
neuroblastoma while in kidney failure from TA-TMA and the remaining two subjects died
from TA-TMA-related complications. Three control subjects had no histologic
abnormalities in renal tissue, whereas the other nine subjects had glomerular, tubular, or
interstitial compartment injury without evidence of TA-TMA.

Regarding medication exposure, routine fungal prophylaxis included fluconazole
(autologous HSCT) or voriconazole (allogeneic HSCT). Fevers were empirically treated
with meropenem and ciprofloxacin. Two allogeneic HSCT recipients were receiving
cyclosporine that was stopped after TA-TMA was diagnosed. Two patients received
foscarnet, ganciclovir, and cidofovir for refractory cytomegalovirus.

of C4d Staining with Histologic TA-TMA

Tables 2 shows C4d staining results in the kidney tissue analyzed from our study population.
Diffuse (>50% of tissue specimen) or focal (10%-50%) arteriolar C4d staining was shown
to be more common in TA-TMA specimens (n=6 of 8 [75%]) compared with controls (n=1
of 12 [8%]; P=0.004).

Among the six subjects with TA-TMA and arteriolar C4d staining, four subjects had diffuse
and two had focal staining. These four patients with diffuse arteriolar staining had a longer
period of time (median, 69.5 days; interquartile range, 33.5-101 days) from a clinical
diagnosis of TA-TMA until tissue diagnosis than the four TA-TMA patients with either focal
or negative arteriolar staining (time from clinical to tissue diagnosis of 22.5 days;
interquartile range, 15-26.5 days; £=0.06). In the two subjects with TA-TMA and negative
C4d arteriolar staining, potential triggers were conditioning chemotherapy in one (who also
had severe multiorgan toxicity from chemotherapy) and cytomegalovirus viremia in the
other. The one control subject with arteriolar C4d staining (focal) was diagnosed with
tubular atrophy/interstitial fibrosis on histology (Table 2).
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Rare (1%-5% of tissue specimen) PTC C4d staining was present in 50% of the subjects with
TA-TMA and was absent in controls. Any glomerular C4d staining was common and similar
in both groups and was seen in 5 of 8 (63%) subjects with TA-TMA and 10 of 12 (83%) of
control subjects (P=0.35). Focal or rare tubular basement membrane staining was found in 3
of 8 (38%) of the subjects with TA-TMA and was absent in controls.

DISCUSSION

Renal arteriolar C4d deposition after HSCT was significantly more common in children with
histologically confirmed renal TA-TMA compared with controls (75% vs. 8%; P=0.004).
This staining correlated with pathologic evidence of TMA observed in the arterioles on
hematoxylin—eosin preparations (Fig. 1). Rare PTC and tubular basement membrane C4d
staining was found only in subjects with TA-TMA but in 50% or less of cases. Glomerular
staining appeared similar in both groups and was presumably nonspecific.

To the best of our knowledge, this is the first report of arteriolar C4d deposition in TA-TMA
after HSCT. Arteriolar C4d staining has been observed in tissue from patients receiving
kidney, liver, small bowel, and heart transplants but, in contrast to PTC C4d deposition, has
not been associated with antibody-mediated transplant rejection or shorter allograft survival
(21, 22). Additionally, arteriolar C4d deposition has been noted in the kidneys of
nontransplant patients with “vascular disease” (23). The significance of arteriolar staining in
solid organ transplant recipients is not known but may be related to complement activation
from endothelial injury secondary to either hypertension or calcineurin inhibitor therapy (21,
23). This may explain, or be the result of, the dramatic hypertension often seen in TA-TMA
(8,9).

Our results expand on previous reports (19, 20) by examining C4d in all four renal tissue
compartments (PTC, arterioles, glomeruli, and basement membrane) in pediatric HSCT
recipients, by identifying arteriolar C4d deposition, and including control patients who also
received a HSCT. Mii et al. (19, 20) examined kidney tissue from seven adult subjects with
acute and/or chronic GVHD with histologic TA-TMA. C4d staining was performed on
kidney biopsy and autopsy specimens using immunofluorescence (IF) or
immunohistochemistry (IHC) a median of 7 months after HSCT. No HSCT controls without
TA-TMA were included in their analysis. Similar to our findings where glomerular C4d
staining appeared to be nonspecific (as it was positive in 75% of our entire study
population), Mii et al. noted diffuse C4d deposition in the glomerular capillaries in 57% of
their subjects with TA-TMA.. The authors also identified less frequent staining of PTCs and
the tubular basement membrane. Several subjects had evidence of arteriolar hyalinosis and
arteriolar TA-TMA, but arteriolar C4d was not reported. They concluded that renal TA-TMA
might be induced by antibody deposition and complement-mediated endothelial cell injury
in chronic GVHD, although no antiendothelial or anti-human leukocyte antigen (HLA)
antibodies could be detected in their study subjects.

Additionally, Troxell et al. (24) reviewed pathology records over an 8-year period at two
centers and identified 15 kidney biopsy specimens in adult HSCT recipients. C4d staining
performed by IHC was negative in the PTCs of the two subjects with histologic TA-TMA.
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One biopsy with acute tubular necrosis and interstitial nephritis after HSCT showed focal
(10%-20%) PTC C4d staining. Glomerular subepithelial C4d deposition was found in the
biopsies from seven patients with nephrotic syndrome from membranous nephropathy.
Again, arteriolar staining was not reported.

Our observation that isolated glomerular staining for C4d may be a nonspecific finding after
HSCT is supported by other studies in transplant recipients. Troxell et al. (25) noted that
mesangial C4d staining in the absence of other histologic abnormalities could be identified
on frozen, but not paraffin-fixed, tissue after kidney transplantation. Others have also
reported that glomerular C4d deposition is a nonspecific finding in HSCT recipients and
patients with kidney transplant glomerulopathy (19-21, 23). After kidney transplantation,
unlike PTC staining, glomerular C4d may not be associated with worse allograft survival
(22).

PTC C4d is strongly correlated with worse kidney allograft survival and likely reflects the
presence of complement fixing donor-specific anti-HLA antibodies (23, 26-28). C4d has
been correlated with tissue injury and worse clinical outcomes in recipients of other solid
organ transplants, including heart (29), pancreas (30), and liver (31) allografts. The
specificity of C4d for graft rejection is less clear after lung (32) or composite tissue (face or
hands) transplantation (33, 34).

The combination of histologic evidence of TMA and PTC C4d deposition has been reported
by some after kidney transplantation (15, 35), whereas others were unable to demonstrate
this association (36). In a large study of kidney allograft biopsies, concomitant PTC C4d
staining and TMA portended more severe glomerular injury, whereas arteriolar damage was
more severe in those with TMA and negative PTC C4d staining (37).

In nontransplant patients with native kidney disease, C4d-positive staining of PTCs is rare
(38), whereas glomerular staining is commonly reported in known complement-mediated
diseases and other conditions with immune complex deposition, such as lupus nephritis (23,
39). In fact, glomerular C4d deposition has been associated with histologic findings of TMA
in patients with lupus (39, 40). During pregnancy, C4d deposition in the umbilical vein has
been associated with premature birth (41) and C4d staining of the placenta with fetal loss in
patients with lupus (42).

This evidence from both transplant and nontransplant patients supports that extraglomerular
C4d is a specific marker of tissue injury and is unlikely to be a benign pathologic finding in
most cases. However, C4d staining is not always associated with disease. In blood group-
mismatched kidney transplant recipients, PTC C4d staining has not been associated with
inflammation or worse graft outcomes possibly due to accommodation by endothelial tissue
that becomes resistant to the effects of complement (38). It is worth noting that one of our
control subjects had focal arteriolar C4d staining without histologic evidence of TA-TMA
(possible false-positive). This subject was diagnosed with tubular atrophy/interstitial fibrosis.
Although we are unaware of any prior reports of false-positive C4d staining in patients with
interstitial fibrosis, Banff criteria excludes scoring areas of kidney allograft specimens with
interstitial fibrosis. Recent data in renal transplantation support that inflammation in areas of
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interstitial fibrosis/tubular atrophy may be associated with worse allograft survival
independent of C4d staining (43).

In the present study, we graded pathology specimens on the degree of C4d staining (diffuse,
focal, rare, or negative) in each of four tissue compartments (arterioles, PTCs, glomeruli,
and tubular basement membranes). We defined C4d positivity by IHC as diffuse or focal
according to kidney transplant guidelines (17, 44). It is unclear why subjects with TA-TMA
had different arteriolar C4d staining patterns (diffuse, focal, negative). We speculate that
subjects with TA-TMA and diffuse arteriolar staining had a relatively longer period of time
between their clinical and tissue diagnosis, allowing time for more C4d to be deposited.
Similarly, in kidney transplant recipients, it has been shown that the association between
different C4d staining patterns and clinical disease may depend on the time since
transplantation (22, 45).

C4d may not be sensitive for TA-TMA in all subjects, as shown by two of our patients with
histologic TMA and negative arteriolar, PTC, and tubular basement membrane staining.
False-negative C4d staining can occur if the analyzed tissue is necrotic (23). Because there
are several potential triggers for TA-TMA (viral infections, conditioning chemotherapy,
calcineurin inhibitor use, and GVHD), the pathologic mechanism of injury may differ (2).
Similarly, after kidney transplantation, the concept of C4d-negative antibody-mediated
rejection is increasingly being investigated as a mechanism of complement-independent
endothelial damage by antibodies or other inflammatory mediators (natural killer cells and
macrophages) (38, 46).

The strengths of our analysis include a comparison of findings in patients with TA-TMA and
HSCT controls without microangiopathy, the quantification of C4d staining in multiple renal
tissue compartments, and the blinded grading of tissue specimens. Despite a relatively low
number of study subjects, our study represents C4d analysis in the largest cohort of HSCT
recipients to date, a population where a renal biopsy has a particularly high risk of bleeding
complications from thrombocytopenia and hypertension (24). One limitation of our analysis
was the lack of frozen tissue for IF testing. Some authors consider IF to be more sensitive
than IHC for the detection of C4d (21, 23, 38). However, a study in 138 kidney transplant
biopsies compared both techniques and found that IHC, when referenced to IF, had a
specificity of 98% and sensitivity of 87% to identify C4d (25). The authors noted that,
despite decreased sensitivity, IHC may provide several benefits over IF including ease of
tissue preparation and the capacity to compare light microscopy and C4d staining results in
the same plane (25).

Our sample was limited to an assessment of only kidney tissue. TA-TMA most commonly
damages the kidney but has also been reported to affect the lungs and gastrointestinal tract
(47, 48). 1t would important to learn if complement fixation is a ubiquitous process or if the
kidney is preferentially affected due to its fenestrated glomerular endothelium and unique
expression of complement regulatory proteins (16, 49).

Given the high proportion of autologous recipients in our study, we are unable to draw
conclusions regarding the role of GVHD in TA-TMA (19, 20). Nevertheless, our findings
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may bring new insights to the pathogenesis of TA-TMA in HSCT patients by possibly
implicating localized complement fixation in renal arterioles. Complement activation may
occur secondary to as yet unidentified antibodies or via antibody-independent mechanisms
of endothelial damage in response to endothelium damaging triggers such as chemotherapy,
radiation, or viruses (2). Further research is needed to better understand the role of
complement in small vessel endothelial injury in allogeneic and autologous patients with
TA-TMA.

Current treatment options for TA-TMA have not been evaluated in controlled trials.
Reported therapies include therapeutic plasma exchange, defibrotide, rituximab, and/or
discontinuation of calcineurin inhibitors in allogeneic recipients. Novel therapies include
agents to decrease endothelial damage (statins and bosentan), block complement activation
(eculizumab), or prevent tissue fibrosis (angiotensin-converting enzyme inhibitors) (2, 50—
53).

In conclusion, we report a strong association of arteriolar C4d deposition with TA-TMA,
possibly representing complement-mediated injury targeting this specific renal tissue
compartment in children receiving HSCT. We support the recommendation by others to
consider C4d staining in kidney tissue from patients with clinical signs of TMA (38). We
acknowledge that kidney biopsy remains a challenging procedure after HSCT. However,
kidney injury after HSCT can be multifactorial and the exact cause is often unknown (10). If
arteriolar C4d staining aids in the diagnosis of TA-TMA, this may encourage a kidney
biopsy in appropriately selected patients. These patients include those early in the course of
their disease (before tissue injury becomes irreversible), allogeneic recipients with
concomitant GVHD in whom biopsy results can guide the use of calcineurin inhibitor
therapy, and in other patients with clinical concern for TA-TMA but no obvious triggering
event (i.e., viral infection). More in-depth study using standard techniques (10) such as C4d
staining may increase our understanding of the mechanisms of tissue injury in this
population and help to develop rational therapeutic strategies.

MATERIALS AND METHODS

We reviewed all kidney biopsy and autopsy specimens from children undergoing HSCT at
Cincinnati Children’s Hospital Medical Center over 5 years until October 2012. Specimens
were included in the analysis if stored kidney tissue was available for C4d testing. The
Cincinnati Children’s Hospital Institutional Review Board approved the protocol and waived
the requirement for informed consent.

We used histologic criteria to divide specimens into those with evidence of TA-TMA in the
kidney and controls without TA-TMA. TA-TMA was defined as small vessel fibrin
thrombosis, mesangiolysis, subendothelial injury, intima separation, and vascular obstruction
(Fig. 1) (1, 4). Clinical data abstracted from the medical record included histologic
diagnosis, subject age, gender, underlying diagnosis, diagnosis group (malignancy;,
immunodeficiency, or bone marrow failure), type of transplant (allogeneic versus
autologous), type of conditioning (myeloablative vs. reduced intensity), specific
conditioning chemotherapy, GVHD prophylaxis, presence of GVHD after transplantation,
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infectious complications, and the need for dialysis. The time the specimen was obtained in
relation to transplant was also calculated.

C4d staining was performed by IHC on formalin-fixed, paraffin-embedded 4 Km tissue
sections. No frozen tissue was available for IF. Rabbit anti-human C4d polyclonal antibody
(1:20 titer) was applied to sections at 42-C for 32 min. The presence of antigen was
visualized with an 1-View DAB detection kit. C4d staining was graded by two pathologists
(H.J.Y. and G.L.) blinded to each subject’s original pathologic diagnosis. C4d staining was
evaluated on arterioles, PTCs, glomeruli, and tubular basement membranes (Fig. 1) and
graded as diffuse (if staining involved >50% of the evaluated tissue), focal (10%-50% of
tissue specimen), rare (1%—10% of tissue specimen), or negative (0%). Because IF has been
reported as more sensitive for C4d staining than IHC (21, 38), we defined positive staining
with our IHC assay as diffuse or focal. This lower cutoff defining positive staining is
consistent with Banff criteria for the diagnosis of antibody-mediated kidney transplant
rejection (17).

Descriptive statistics are presented as n (%) for categorical variables and median (25th—75th
percentile and range) for continuous variables. To examine for differences between patients
with a pathologic diagnosis of TA-TMA and controls, continuous variables were analyzed
using Wilcoxon rank-sum test and categorical variables using Fisher’s exact test. A two-
sided A<0.05 was considered statistically significant. Statistical analyses were performed
with SAS version 9.3 (SAS Institute, Cary, NC).
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FIGURE 1.
Representative renal biopsy specimen from a subject with histologic evidence of TA-TMA

after hematopoietic stem cell transplantation. A, hematoxylin—eosin staining (magnification,
x20) of renal cortex with glomeruli. Glomeruli show variable degrees of obliteration of the
capillary lumens and thickened capillary walls (asterisk) with mild to moderate mesangial
matrix expansion. There is also evidence of red blood cell fragmentation and extravasation
(arrow). There are no inflammatory infiltrates in glomeruli. Small arterioles (A) also show
obliteration of the vessel lumen due to sloughed endothelial cells, intimal proliferation, and
extracellular matrix deposition. There is mild tubular atrophy as well as mild interstitial
inflammation (arrowheads). B, C4d staining (magnification, x20) of corresponding tissue
section shows diffuse positive staining in the degenerating small arteriole (A) with
microangiopathic changes. Focal or rare C4d stain is noticeable in some tubular basal
membranes (Tubular BM), PTC, and glomeruli. PTC, peritubular capillary; TA-TMA,
transplant-associated thrombotic microangiopathy.
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Clinical characteristics of the study population

TABLE 1

Page 13

Subjectswith histology proven renal

HSCT recipientswithout renal TA-

Variable TA-TMA (n=8) TMA on histology (n=12)
Age (years) 3.7 (2.0-4.7) [0.6-5.0] 3.2 (1.4-17.1) [0.9-28.1]
Gender (male) 3(37.5) 8(66.7)
Underlying diagnosis?
Malignancy 6 (75.0) 2(16.7)
Immunodeficiency 1(12.5) 9 (75.0)
Bone marrow failure 1(12.5) 1(8.3)
Type of transplant?
Allogeneic 2 (25.0) 11 (91.7)
Autologous 6 (75.0) 1(8.3)
Type of conditioning?
Myeloablative 7 (87.5) 4 (33.3)
Reduced Intensity 1(12.5) 8 (66.6)
GVHD in those at risk (allogeneic) 1/2 (50) 3/11 (27.3)
Viral infection 4 (50.0) 4 (33.3)
Dialysis 6 (75) 5(41.7)
Day after HSCT of dialysis initiation (day+) 163 (36-271) [1-2186] 37 (16-79) [9-871]
Able to stop dialysis 3/6 (50) 0/5 (0)

Day after HSCT biopsy or autopsy

specimen was obtained (day+)

Days after dialysis initiation biopsy or autopsy

specimen was obtained

233 (91-511) [19-2281]

51.5 (3-391) [j36 to 539]

172 (78-453) [9-887]

5 (3-17) [0-135]

a
P<0.05 between cases and controls.

Data expressed as n (%) or median (25th—75th percentile) [range].

HSCT, hematopoietic stem cell transplant; GVHD, graft-versus-host disease; TA-TMA, transplant-associated thrombotic microangiopathy.
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