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Abstract

Intravenous immunoglobulin (IVIG) decreases neutrophil adhesion to endothelium and red blood 

cell-neutrophil interactions in sickle cell mice undergoing vaso-occlusion. In this Phase I clinical 

trial of sickle cell anemia (SCA) patients admitted with pain crisis, we evaluated the status of 

adhesion molecules on neutrophils in control and IVIG-treated subjects pre- and post-infusion up 

to 800 mg/kg, the same dose used in murine studies. Mac-1 function significantly decreased from 
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baseline in the low-dose IVIG (200–400 mg/kg) cohorts. IVIG-related adverse events may have 

occurred in the high-dose (600–800 mg/kg) cohorts. There were no significant increases in 

neutrophil and leukocyte counts, suggesting that IVIG may more selectively inhibit Mac-1 

function as opposed to neutrophil adhesion. This study provides the first in-human validation of 

pre-clinical murine studies that IVIG can decrease Mac-1 function.
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Introduction

In murine models of sickle cell acute pain crisis, intravenous immunoglobulin (IVIG) 

reduces neutrophil adhesion to post capillary venular endothelium and adherent neutrophil 

interactions with circulating red blood cells (RBCs), thus increasing microcirculatory blood 

flow and survival.[1, 2] These effects were observed at IVIG doses between 200–800 mg/kg 

as early as 20 minutes after IVIG administration.[1, 2] While neutrophil rolling and adhesion 

are mediated via P and E-selectins on endothelium, E-selectin ligand-1 and Src family 

kinase activation mediate a secondary wave of signals polarizing activated Mac-1 (αMβ2) 

on the leading edge of neutrophils, with subsequent capture of sickle RBCs.[3] IVIG inhibits 

Mac-1 dependent RBC capture by binding to the activating Fcγ receptor FcγRIII on 

neutrophils, resulting in recruitment of the protein tyrosine phosphatase SHP-1 to FcγRIII 

and subsequent inhibition of activated Mac-1.[4]

The potentially important role of neutrophil adhesion and sickle RBC capture in sickle cell 

mouse models of acute pain crisis has recently been supported by the success of the Phase II 

trial of the pan-selectin inhibitor GMI-1070 in reducing time to resolution of pain crisis and 

opioid use[5–7].

We conducted a Phase I study of the safety and effect on neutrophil activation status of 

IVIG administered, owing to its long half-life, as a single-dose infusion upon hospital 

admission for acute pain crisis.

Methods

Study design and conduct

A Phase I randomized, double-blind, dose-finding study of IVIG (Gamunex-C, Grifols, 

Clayton, NC) was conducted in children and adults with Hb SS or Sβ0-thalassemia requiring 

hospital admission for uncomplicated (unaccompanied by infection or other acute processes) 

acute pain crisis between January 2009 and December 2013. The study took place at 2 

collaborating hospitals, The Mount Sinai and Montefiore Medical Centers. Gamunex-C is 

hypo-osmolar (258 mOsm/kg), sucrose-free, and contains only trace amounts of sodium, and 

thus has an excellent risk profile with regard to volume overload/renal toxicity.[8, 9] 15 

subjects were randomized by pharmacy staff using a computer-generated randomization 

algorithm to a total of 20 acute pain crises at a ratio of 3 IVIG: 1 equivalent-volume normal 

saline control at each dosing cohort of 100, 200, 400, 600, and 800 mg/kg IVIG (a modified 
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Fibonacci dose escalation design). Subject re-enrollment at subsequent dosing levels 

occurred in 3 subjects after a 3-month washout period.

Study drug was administered as soon as logistically feasible after inpatient admission. 

Actual patient weight was used for dose calculation. Standard-dose oral acetaminophen and 

diphenhydramine pre-medication, as well as bolus opioids as needed with single line 

availability, was administered and then study drug/placebo was infused undiluted (100 

mg/mL) at the recommended manufacturer rate (starting at 1 mg/kg/min up to 8 mg/kg/min 

for dosing cohorts 100, 200 and 400mg/kg, up to 4mg/kg/min for 600mg/kg, and over 6 

hours for 800mg/kg). Clinicians (including investigators) and patients were blinded to 

treatment by masking of the infusion bag and tubing by pharmacy staff. Outpatient 

hydroxyurea (HU) dosing was continued during the hospitalization. Pain was managed with 

morphine or hydromorphone patient controlled analgesia adjusted per usage and the FACES 

or numeric rating scales at least every 8 hours throughout the hospital stay by 

anesthesiologist co-investigators. The non-steroidal anti-inflammatory drugs ibuprofen or 

ketorolac were also allowed, but there was no significant difference in their usage rate 

between groups. Subcutaneous heparin prophylaxis was administered to adult patients per 

routine standard at Mount Sinai, but was not administered to pediatric patients at 

Montefiore.

A Data Safety and Monitoring Board approved progression to the next cohort after 

completion of each dosing cohort. Stopping rules for study hold pending IRB review were 2 

unexpected possibly-related Grade 3 severe adverse events (SAE), 1 unexpected possibly-

related thrombo-embolic event, or 1 unexpected possibly-related Grade 4–5 SAE.

The study was institutional review board approved at all sites, and written informed consent 

was obtained from all subjects. All investigators involved in data collection and analysis had 

access to primary clinical trial data. The trial is registered as “Intravenous Gamma globulin 

for Sickle Cell Pain Crisis” under the ClinicalTrials.gov identifier NCT01757418.

Study subjects

Inclusion criteria were as follows: SS or Sβ0-thalassemia sickle cell disease genotype; age 

8–65 years for dosing cohorts up to 400mg/kg and 12–65 years for subsequent dosing 

cohorts; normal stroke risk as assessed by transcranial Doppler or MRA; and acute pain 

crisis requiring hospital admission and parenteral opioids.

Exclusion criteria were as follows: concomitant acute process, fever >38.5° C and clinical 

suspicion of infection, serum alanine aminotransferase >2X ULN; serum creatinine > 1.3 

mg/dL or spot urine protein >300 mg/dL ; Hb > 10 g/dL or Hct > 30%; concomitant 

condition associated with renal dysfunction; prior stroke or thrombosis; current estrogen use; 

pregnancy or breastfeeding; current participation in another investigational drug study or a 

chronic transfusion program; known IgA deficiency or allergy to gamma globulin; 

vaccination with a live attenuated virus in the preceding 6 weeks; documented history of 

illicit drug abuse.
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Clinical outcomes

Safety outcome variables were treatment-emergent adverse events (AE) followed through 30 

days after hospital discharge. IVIG complications that were pro-actively assessed included 

thrombosis, immune hemolysis (as detected by a positive direct antiglobulin test), high 

serum viscosity, high serum troponin, and high serum creatinine. Acute pain crisis-

associated complications such as acute chest syndrome, RBC transfusion, and hospital re-

admission were also monitored. The following efficacy markers were analyzed: time to pain 

crisis resolution from the end of study drug infusion (resolution defined as pain scores 

consistently ≤ 5 out of 10 and off IV opioids); cumulative opioid use from the end of study 

drug infusion (in morphine equivalent units (MEU)/kg), change in hemoglobin (Hb) post-

infusion, and 24 hour (hr) post-infusion lactate dehydrogenase (LDH) and high-sensitivity 

C-reactive protein (CRP).

Neutrophil activation assessment

Venous blood into EDTA or ACD drawn immediately pre- and 24±4 hours post- infusion 

was evaluated by flow cytometry for adhesion markers on CD16b+ (ID3, Beckman Coulter) 

neutrophils: activated Mac-1 (CBRM1/5, eBioscience) or activated β2 integrin (ab13219, 

abcam), Mac-1 (ICRF44, BD Pharmingen), CD44 (G44-26, BD Pharmingen), E-selectin-Fc 

chimera (R&D Systems), L-selectin (DREG-56, eBioscience), LFA-1 (HI111 BD 

Pharmingen), and PSGL-1 (KPL-1, BD Pharmingen). Activated Mac-1 Ab detects the 

functionally active form of Mac-1(was performed on 200–800 mg/kg cohorts) and activated 

β2 integrin recognizes the high affinity conformation of β2 integrin, the β subunit of LFA-1 

and Mac-1 (was performed on 100 mg/kg cohort).

With late afternoon or evening study drug administration, samples were stored overnight as 

needed (range 8–24 hours) at 4°C prior to analysis. When stored overnight, all paired pre-

IVIG and 24 hour post-IVIG samples per patient were stored for uniform lengths of time. 

No adhesion markers except activated Mac-1 show expression increase at 24 hr compared to 

immediate analysis (Figure 1B). Since the time interval to analysis was constant for each 

subject’s two samples, the ratio between the two samples (Figure 1A) was unaffected by 

storage.

Statistical analysis

Analysis was of the intent-to-treat population, which was the same as the per-protocol 

population due to absence of deviations. For clinical outcomes, control and IVIG groups 

were compared using the Mann-Whitney U or Kruskal-Wallis tests for continuous variables 

and Pearson’s chi-squared testing for categorical variables (Excel 2010, Microsoft 

Corporation, Redmond, WA or SPSS Statistics 18, IBM Corp, Armonk, NY). Paired t-

testing was also used to compare 24h to baseline values for neutrophil adhesion markers 

(GraphPad Prism 5, GraphPad Software, La Jolla, CA).

Results

Table I shows the baseline subject and pain crisis characteristics. There were no statistically 

significant differences between the IVIG and control groups as wholes except for a greater 
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number of pain crisis admissions in the year preceding the study admission in the IVIG 

group. All subjects were on hydroxyurea except the control patient in the 100 mg/kg cohort.

Clinical outcomes

Safety outcomes are summarized in Table II. In both groups, the mean total number of 

adverse events per subject was 4, with no significant differences in total (p=0.9) or SAEs 

(p=0.8). IVIG was well tolerated, with possibly IVIG-related events being self-limited 

Grade 1–2 headache, fever, and hypertension observed in pediatric patients, mostly at the 

600–800 mg/kg dosing levels. Pre- and 24h post- serum creatinine, serum viscosity, serum 

troponin, and direct antiglobulin tests remained within normal ranges in all subjects.

There were 2 SAEs in the study, both in the 800 mg/kg IVIG cohort, that were deemed not 

likely to be IVIG related: progression to acute chest syndrome (ACS) 24 hours after IVIG 

infusion (2 days post-admission); and in another subject, a left brachial venous thrombosis 

associated with a peripherally inserted central catheter (PICC), diagnosed 17 days after IVIG 

infusion. Since these SAEs were expected, they did not meet criteria for stopping the trial.

All hospital re-admissions within the 30 day follow-up were for uncomplicated pain crisis. 

All re-admissions in the IVIG group occurred 20–30 days post-infusion (when the IVIG 

blood concentration is predicted to be ~40% of its peak) compared to the one control re-

admission at 13 days post-infusion. There was a trend towards a higher re-admission rate 

with increasing doses of IVIG up to the 600 mg/kg cohort. This trend may be related to the 

IVIG group having a statistically greater number of pain crises in the preceding 12 months. 

There were no readmissions in the 800mg/kg cohort but several factors mitigated re-

admission risk in this cohort: the patient with PICC-related venous thrombosis was started 

on heparin 17 days after IVIG infusion; the patient with ACS underwent red cell exchange 2 

days after IVIG infusion, and the third patient initiated methadone therapy for recurrent 

acute pain post-discharge.

As expected for the small sample size, there were no statistically significant differences in 

time to crisis resolution, cumulative opioid use, and time to hospital discharge between 

groups (Table III). There was no significant difference between groups in the expected drop 

in Hb during hospitalization. There were smaller increases in LDH and CRP in the IVIG 

group, suggesting a potential salutary effect on hemolysis and inflammation. Notably, the 

IVIG group did not have an increase in WBC count or ANC, in contrast to expectation given 

IVIG’s purported effect on neutrophil adhesion.[1, 4] All subjects had decreases in WBC 

and ANC over time with no significant differences between groups.

Neutrophil activation assessment

Consistent with murine data that IVIG decreases RBC-neutrophil interactions via Mac-1 

inhibition[3, 4], IVIG treatment was associated with decreased surface expression of 

functional (activated) Mac-1 greater than the decreased surface expression of the total 

amount of Mac-1 (Figure 1A). In the combined low-dose IVIG cohort (200–400 mg/kg), the 

decrease in activated Mac-1 expression was significantly lower post- compared to pre-IVIG 

(p=.02). Increasing IVIG doses to 600 and 800 mg/kg did not further decrease activated 

Mac-1.
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Mac-1 activation may correlate with pain crisis severity. The control subject with the 178 

times increase in surface expression of activated Mac-1 had a prolonged hospital course of 8 

days marked by thrombocytopenia and the highest LDH increase (679%) and highest opioid 

usage of all study subjects. She was on HU but at a suboptimal dose of 12 mg/kg/day with 

HbF of only 4.4%. The control subject with the 4.5 times increase in surface expression of 

activated Mac-1, however, was on HU at 28 mg/kg/day with a HbF of 19.9%, yet had the 

highest LDH and CRP on hospital admission of all study subjects. The single control subject 

not on hydroxyurea had no higher β2-integrin activation (detects high-affinity conformation 

of β2 integrin) than the IVIG-treated subjects in his 100mg/kg cohort.

There were no significant differences in E-selectin binding, which mediates neutrophil 

recruitment/rolling[10], or neutrophil PSGL-1 and CD44 expression, which are ligands for 

E-selectin [11, 12], between control and IVIG groups nor within IVIG cohorts for 24 hr 

post- compared to pre- infusion values (data not shown). Other molecules involved in 

neutrophil recruitment/rolling[12], L-selectin and LFA-1, also showed no significant 

differences between or within groups (data not shown).

Discussion

This study supports the safety of IVIG in patients with sickle cell anemia screened by 

normal creatinine and lack of significant proteinuria. There was no evidence of post-IVIG 

renal dysfunction and the only probably-IVIG related adverse events were Grade 1–2 fever, 

hypertension, and headache, observed at the higher dosing levels. Furosemide has been used 

as prophylaxis for such IVIG-related symptoms and might have been helpful.

Although two subjects in the 800 mg/kg IVIG cohort suffered serious adverse events, these 

were deemed unlikely to be IVIG-related. The majority of IVIG related clots occur within 

1–5 days of infusion [13, 14] in contrast to the PICC-line thrombosis occurring 17 days 

post-infusion. The venous thromboembolism rate is also higher with PICC lines than other 

central venous catheters [15]. The occurrence of ACS 2 days after admission is consistent 

with ACS epidemiology, where hospital admission, typically for pain crisis, precedes ACS 

in about 50% of patients, with ACS occurring at a mean 2.5 days after admission[16]. 

Analysis of the Montefiore pediatric patient population reveals that 20% of all pain crisis 

admissions progress to ACS (unpublished), which is consistent with 1 of 10 pediatric study 

subjects progressing to ACS. Finally, neutrophils lacking selectins and integrins may still 

adhere to blood vessels in the lungs [12], suggesting that IVIG might not mitigate 

progression to ACS.

Although not statistically significant, there was a higher rate of re-admission in the IVIG-

treated group (40% versus 20%), which might be explained be its higher pain crisis 

admission frequency in the preceding 12 months as well as high average 30-day pediatric 

and adult readmission rates of 17 and 41%, respectively, in the SCD population.[17, 18] The 

lack of re-admission in the 800 mg/kg IVIG group may be due to initiation of mitigating 

treatment. Therefore, as neutrophil activation can be dose-related [19], the possibility of 

greater pain crisis re-admissions with high-dose IVIG cannot be excluded.
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Because hydroxyurea treatment may decrease neutrophil-RBC interactions[20, 21], 

normalize L-selectin shedding[22] and decrease Mac-1 activation[21], that all IVIG-treated 

subjects were on chronic hydroxyurea (continued during hospitalization) may have 

decreased our ability to see an effect of IVIG. Nevertheless, our neutrophil adhesion studies 

provide support that IVIG treatment in human sickle cell pain crisis can decrease surface 

expression of activated Mac-1 as observed in the murine model. [3, 4] The E-selectin ligand 

PSGL-1 and the integrin LFA-1 were not decreased with IVIG in our study and were 

previously reported to be decreased with IVIG [23, 24], but on non-selected leukocytes or 

only on mononuclear cell populations, respectively. Our clinical data is consistent with our 

previous observations in the murine model, where no decrease of E-selectin binding, 

PSGL-1, or LFA-1 was observed 60 minutes after IVIG administration despite its effect on 

neutrophil adhesion and RBC interactions as early as 20 minutes after IVIG administration. 

[2] Therefore, although our data did not include evaluation of ESL-1, which is the third E-

selectin ligand in addition to PSGL-1 and CD44[25] and can mediate Mac-1 activation in 

pain crisis[3], it is unlikely that ESL-1 expression would change after IVIG treatment. The 

murine sickle cell studies showing the importance of ESL-1 and E-selectin in Mac-1 

activation were performed using E-selectin knockout mice transplanted with sickle cell bone 

marrow or with E-selectin Abs injected prior to surgery; therefore these studies demonstrate 

the necessity of ESL-1 for Mac-1 activation, but other mechanisms subsequently may 

impact Mac-1 activation. Indeed, IVIG inhibits Mac-1 activation through an independent 

antagonistic pathway involving Fc gammaRIII-mediated recruitment of Src-homology 2-

containing tyrosine phosphatase-1.[4]

In summary, our study suggests that low-dose IVIG at 200–400 mg/kg has increased 

efficacy, as assessed by Mac-1 stabilization, and better tolerability compared to higher 

doses. Based on this encouraging data, we are working towards initiating a double blind, 

randomized, placebo controlled Phase II study at the 400 mg/kg dose. In order to rule out 

rebound neutrophil activation, neutrophil adhesion at 20 days (as well as 24 hours after 

infusion) may be added depending on complications observed.

The recently completed Phase II GMI-1070 trial[7] suggests that inhibitors of neutrophil 

recruitment to vascular endothelium may be beneficial for acute pain crises. Possible 

advantages of IVIG over GMI-1070, assuming similar efficacy, are the longer half-life of 

~30 days and known long-term safety profile. Since significant increases in WBC and 

neutrophil counts were observed with GMI-1070 but not with IVIG [26], IVIG may have a 

greater relative effect on RBC capture compared to neutrophil adhesion, which may be 

advantageous due to potential infectious risk with a direct neutrophil adhesion inhibitor. 

Possible disadvantages of IVIG include its cost and potential limited availability. Finally, 

our study also highlights the importance of clinical validation, as IVIG and GMI-1070 

showed similar degrees of effect on WBC adhesion and RBC-WBC interactions in murine 

models.[2, 27]
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Figure 1. Neutrophil Mac-1 expression and influence of 24 hour storage
A) Ratio of the post-to-pre geometric mean fluorescent intensity (GMFI) for activated 

Mac-1 and total Mac-1 on CD16b-positive leukocytes by flow cytometry. B) 24 hour 

storage shows consistent increase in activated Mac-1 expression compared to fresh samples, 

but since the storage interval for the pre and post-sample was uniform in each subject, the 

ratio of post to pre GMFI is valid (paired t-test, ***p<0.001).
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Table III

Efficacy Outcomes

IVIG (n=15) Control (n=5) p-value

Clinical endpoint outcomes

Time to crisis resolution* (hours) 54 (1,215) 63 (31,164) 0.61

Cumulative opioid use* (ME/kilogram) 2.2 (0,8.8) 1.6 (1.1,15.6) 1.0

Time to hospital discharge (days) 4.4 (1,10) 4.8 (3,5) 0.67

Clinical laboratory indicators

% Δ in hemoglobin# −17 (−33,0) −17 (−25, −3) 0.76

% Δ in white blood cell count −15 (−48,13) −22 (−41, 37) 0.96

% Δ in absolute neutrophil count −18 (−65, 45) −16 (−51,49) 0.81

% Δ in lactate dehydrogenase# 4 (−48, 85) 14 (−11, 679) 0.46

% Δ in high sensitivity C-reactive protein# 38 (−16, 868) 192 (1.5, 1427) 0.43

*
Pre-specified primary outcome measure.

#
Pre-specified secondary outcome measure.

Values are medians with ranges. % change values are calculated as: Δ = (post value − pre value) / pre-value. The post-hemoglobin is the lowest 
value of all post-infusion measurements; all other post-values are from 24 hr post-infusion.
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