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The intrinsic humoral immunodeficiency of chronic lymphocytic leukemia (CLL) is often managed with immuno-
globulin replacement therapy (IgRT) to maintain IgG levels in the low-normal range (6-8 g/L) but optimal targets
for IgG and timing to commence IgRT are unclear. IgG levels fell near 6 g/L at rates of —0.85+0.14 g/L/year in 51
patients who required treatment for CLL within 4.54-0.4 years from initial diagnosis and — 0.274:0.04 g/L/year in
40 patients with progressive disease who remained untreated after 8.54+0.5 years. In contrast, endogenous IgG
levels remained above 8 g/L in patients with highly indolent disease (n = 25) and TNFa and beta-2-
Chronic lymphocytic leukemia microglobulin (32M) in blood decreased when IgRT was used to increase IgG levels over 9 g/L. At 15 g/L but
Immunoglobulin replacement therapy not 5 g/L, the IgRT product Hizentra® inhibited B cell receptor (BCR)-activation, TNFa production, and survival
IVIG in vitro, particularly of CLL cells that spontaneously made little TNFo. These findings suggest deterioration of
SCIG the humoral immune system is associated with progressive CLL and altering the dosing of IgRT to achieve higher
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than conventional IgG target levels may have therapeutic activity.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Hypogammaglobulinemia involving all three immunoglobulin (Ig)
classes is intrinsic to Chronic Lymphocytic Leukemia (CLL) [14,35] and
can cause significant morbidity, particularly from sino-pulmonary infec-
tions [48]. It is not entirely clear why hypogammaglobulinemia is so
characteristic of CLL in the absence of immunosuppressive treatments
like Fludarabine and Rituximab (Forconi et al., [14]). Explanations
include direct inhibitory effects of leukemia cells on normal B cells and
plasma cells or indirect effects on helper T cells [9,10,38].

Immunoglobulin replacement therapy (IgRT) is the major form of
treatment for humoral immunodeficiency ([4,5]). The immunoglobulin
product is precipitated from the blood of thousands of healthy donors
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and consists mainly of pooled IgG preparations. A number of commer-
cial Ig formulations are available for injection as intravenous immuno-
globulin (IVIG) or subcutaneous immunoglobulin (SCIG). These
formulations use different small molecule stabilizers including sugars,
polyols, and amino acids and contain different amounts of antibodies.
Privigen® for intravenous use and Hizentra® for subcutaneous admin-
istration are made by CSL-Behring and stabilized with L-proline.
Privigen® is 20% IgG and Hizentra® is 10% IgG ([4,5]). IgRT is usually
prescribed at a dose of 0.4 g/kg monthly when IgG levels fall below 6
g/L in CLL patients with histories of infections. This approach decreases
infection rates but does not affect the clinical course or improve survival
[15,48]. The IgRT dose can be individualized to keep patients free of in-
fections ([1, 4,5]) and it has been suggested that IgG levels >7.44 g/L
provide the best protection from major infections [48]. However, opti-
mal IgG target levels for IgRT have not been established in CLL.

Despite the importance of humoral immunodeficiency in CLL, little
information is available about how Ig levels evolve in the absence of
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Research in context

Chronic lymphocytic leukemia (CLL) is the commonest adult
leukemia. Immunoglobulin deficiency is a unique and important
problem in CLL that is often managed with immunoglobulin re-
placement therapy (IgRT). The mechanism of the immunodefi-
ciency and optimal use of IgRT remain unclear. The results in
this manuscript implicate defective transitional B cell develop-
ment in the decline of Ig levels. Allowing IgG levels to fall below
8 g/L may promote growth of CLL cells and maintaining IgG levels
close to the upper normal limit (15 g/L) with IgRT may slow dis-
ease progression. These findings have important implications for
the care of CLL patients.

immunosuppressive drug treatment that might influence a decision to
start IgRT. In this manuscript, the clinical records of 116 patients with
serial Ig levels available over at least an 8 year period or until first treat-
ment for symptomatic CLL were examined to provide such information.
There is also little information about the effects of IgRT on CLL cells
in vitro or in vivo that may help identify appropriate IgG target levels.
To address this gap, records of 21 patients receiving IgRT were exam-
ined and experiments were performed to determine how IgRT affects
CLL cells in vitro. The results suggest appropriate target levels for IgG
in CLL may be much higher than achieved with conventional dosing.

2. Methods

The retrospective study population consisted of 116 patients attend-
ing the Sunnybrook CLL clinic in 2003, 2009, and 2013 with immuno-
globulin quantification available from diagnosis for at least 5 years or
until first treatment for CLL. CLL was diagnosed according to IWCLL
criteria [19]. Twenty-five patients met criteria for indolent disease as
described by Guarini [17] and 51 received treatment for CLL based on
conventional criteria [19]. The remaining 40 patients were classed as
“progressors”, implying most would eventually come to treatment. In-
formation about demographics, prognostic markers [19], and treat-
ments were obtained from electronic patient records. Serum beta-2-
microglobulin (32M), cytogenetics, and CD38 expression were obtained
from pathology reports. Clinical staging was based on the Rai classifica-
tion [19]. Ig measurements were performed by the clinical service labo-
ratory at Sunnybrook. The last available Ig level or the level prior to
treatment for CLL was used to calculate the rate of decline of the Ig
class (Fig. 1). Patient characteristics are listed in Supplementary table 1.

For the observations in Fig. 2B, records of 119 consecutive patients
attending the CLL clinic in 2017 were examined only for Ig levels at di-
agnosis and use of IgRT. The study was approved by the Sunnybrook Re-
search Ethics Board.

Details about reagents, cell culture, flow cytometry [47], cytokine
measurements [43], immunoblotting and statistical methods [29] are
provided in the supplemental Methods (available on the Ebiomedicine
Web site).

3. Results
3.1. Temporal changes in Ig classes in CLL patients

Records of 116 CLL patients on “watch and wait” management [19]
with Ig quantification recorded over at least a 5-year period from time
of diagnosis were studied to provide information about the evolution
of IgG, IgM, and IgA levels during disease progression. No patient re-
ceived IgRT in this time. Patients were classed into three groups based
on the outcome at the end of the observation period. Twenty-five
were classed as having “benign” disease [17] in that they did not

progress beyond Rai stage 0/1, develop lymphocyte counts >30 x 10°
cells/L, or require treatment in the observation period. Such patients
may never need treatment for CLL in their life-time [17]. Fifty-one pa-
tients were treated for CLL in the study period on the basis of standard
indications [19]. Their last recorded Ig quantification for the purposes
of the study was taken just before beginning treatment. Remaining pa-
tients (n = 40) were classed as “progressors” as their lymphocyte
counts increased to >30 x 10° cells/L, which often portends an eventual
need for treatment although none was prescribed over the observation
period.

The patient population is described in Fig. 1A and Supplementary
table 1. Treated patients came to treatment within 4.740.4 years
while progressors and benign patients were observed for 8.5+0.5
and 7.6+0.5 years, respectively, without any treatment. There was
no difference in average ages among the different groups and a
non-significant increase in proportion of males in the treated group.
Rai stage at the end of the observation period was 0.2+0.1 for be-
nign patients but increased to 2.34:0.3 and 3.540.1 for progressors
and treated patients, respectively. Serum beta2-microglobulin
(B2M) at the end of the observation period was higher in treated pa-
tients, and their CLL cells had higher CD38 expression and more
high-risk genetic lesions (del11q22 and del17p) [19] than the other
groups. Progressors were intermediate between benign and treated
patients with respect to 32M levels, CD38 expression, and high-risk
cytogenetic features (Fig. 1A).

Rates of change of blood lymphocytes were calculated by subtracting
the initial lymphocyte count from the final count at the end of the obser-
vation period and dividing by the years of observation (Fig. 1A; bottom
right panel). This rate was higher for treated patients (22.142.7 x 10°
cells/L/year) and culminated in an average final lymphocyte count of
122.6+13.4 x 10° cells/L compared with final counts of 88.3+3.6 x
10° cells/L for progressors and only 11.71.4 x 10° cells/L for benign
patients (Fig. 1A; top right panel).

3.2. Coordinated decline of Ig classes in patients with progressive disease

Initial inspection of the data suggested a parallel decline of all
three classes of Ig with increases in 32M and circulating lymphocytes,
as shown in the example (Fig. 1B). The approximately linear declines
allowed a rate of change for each Ig class to be calculated for each pa-
tient by subtracting the initial amount of IgA, IgG, or IgM from the
amount at the end and dividing by the length of the observation peri-
od. Rates of decline for IgA, IgG, and IgM were all greater in patients
who went on to require treatment for their CLL (Fig. 1C) with highest
absolute changes for IgG. However, normal levels are higher for IgG
(6-16 g/L) than IgA (0.7-4 g/L) or IgM (0.4-2.5 g/L). To compare di-
rectly the rates of change of the different Ig classes, absolute values
were normalized by dividing them by the midpoint value of the nor-
mal range (i.e. 11, 2.35, and 1.2 g/L for IgG, IgA, and IgMV, respectively)
(Fig. 1D). With this adjustment, there was no difference between the
rates of change of IgG, IgA, and IgM for the patients who required
treatment.

IgG and IgM levels did not change significantly over the observation
period in patients with a benign clinical course although there was a low
decline (0.0140.001 g/L/year) for IgA (Fig. 1D). Rates of decline of IgG,
IgA, and IgM in patients with progressive disease that did not require
treatment were lower than for patients who required treatment at the
end of the observation period but higher than for benign patients and
IgA levels appeared to decline somewhat faster than IgG (Fig. 1C,D).

Consistent with these rates of decline, Ig levels at the end of the ob-
servation period were significantly lower in progressor and treated pa-
tients compared to patients with benign disease (Fig. 1E). Notably, IgG
levels that remained above 8 g/L were associated with a benign clinical
course while IgG levels that fell near 6 g/L were associated with disease
progression and need for treatment (Fig. 1E).
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Fig. 1. Rates of decline of immunoglobulin sub-classes in CLL patients along a spectrum of disease severity. A. CLL patients were classed as benign (black bars, n = 25), treated (gray bars, n
= 51), or progressor (white bars, n = 40) as described in the materials and methods. Clinical characteristics of the three groups are shown in the bar graphs with units for each descriptor
indicated along the Y-axis. B. Example of a “progressor” patient, showing concordant declines in IgA, IgM, and IgG levels with disease progression indicated by increases in blood
lymphocyte and 32M levels. C-E. Average rates of decline (C), normalized rates of decline (D), and final levels (E) of Ig sub-classes along with standard errors are shown in the graphs.

*, p<0.05; ns = not significant.

3.3. Inverse association of plasma TNFa and IgG levels

TNFa inhibits B cell development in the bone marrow [26] and blood
TNFa is increased in CLL patients [12,13]. Higher TNF levels are associ-
ated with more aggressive disease [12,13], although CLL cells with ag-
gressive clinical behavior make less TNFa than cells from patients with
indolent disease. [13,18,22]. TNFa in the plasma of an additional 43 pa-
tients was found to correlate inversely with IgG level at the same time-

point. Average TNFa levels in patients with IgG levels <7.5 g/L were
120421 g/L but only 3010 g/L with IgG levels >7.5 g/L (Fig. 2A).

3.4. Ig levels at diagnosis in CLL patients

The observation that Ig levels declined inexorably in most CLL pa-
tients (Fig. 1C,D) coupled with the fact that asymptomatic CLL can go un-
detected for a long time [32] suggested many patients may be
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Fig. 2. Relationship of blood immunoglobulin levels with TNFa and need for IgRT. A.
Plasma was collected from 43 patients. Serum IgG was determined by the Sunnybrook
Clinical Laboratory and plasma TNFa was measured by Multiplexing LASER Bead
Technology. An iterative algorithm was used to group the samples, depending on
whether they contained more or <7.5 g/L IgG. B. Ig levels at time of initial CLL diagnosis
were recorded for 109 patients including 19 who were commenced ultimately on Ig RT.
Low (lo) IgA, IgG, and IgM were defined as <0.7, 6.0, and 0.4 g/L, respectively.

hypogammaglobulinemic by the time they are diagnosed
officially with CLL [35]. Supportive treatment for symptomatic
hypogammaglobulinemia involves IGRT with IVIG or SCIG ([48]; [4,5];
[25]). Records of 119 consecutive CLL patients were examined for an ini-
tial concomitant diagnosis of hypogammaglobulinemia (Fig. 2B). Nine-
teen patients received IgRT at some point in the disease course. Low
IgG (lo IgG), IgA (lo IgA), and IgM (lo IgM) levels were defined as
below the lower limit of normal (i.e. 6, 0.7, and 0.4 g/L for IgG, IgA, and
IgM, respectively).

Ig levels were in the normal ranges at the initial diagnosis for most
patients (Fig. 2B). However, over 25% of the patients had an isolated
IgM deficiency and a smaller number had deficiencies in IgG or IgA
alone or in more than one Ig class (Fig. 2B). Notably, subnormal Ig levels
at time of diagnosis appeared to predict the need for subsequent IgRT
that was prescribed according to accepted guidelines [25]. Only 16% of
patients who required IgRT had Ig levels in the normal range at the ini-
tial CLL diagnosis. Defects in multiple Ig classes and especially pan-
hypogammaglobulinemia were especially associated with subsequent
need for IgRT (Fig. 2B).

3.5. Dose-dependent effect of IgRT on 32M and TNF« levels in vivo

IgRT is indicated for CLL patients with low IgG levels (generally <5
g/L) and a history of serious infections requiring antibiotics [25].
Trough levels achieved with conventional administration of IgRT are
usually in the low-normal range. In the course of managing
hypogammaglobulinemic CLL patients with IgRT, a relationship was no-
ticed between the level of serum 32-microglobulin (32M), a marker of

CLL burden [45], and IgG level attained by IgRT as shown in the exam-
ples (Fig. 3A).

In some patients (Fig. 3A, top graphs) institution of IgRT with IVIG or
SCIG was associated with an increase in 32M that was sometimes
followed shortly by the need to start CLL therapy. In a minority of pa-
tients, 32M levels remained stable or even decreased somewhat upon
institution of IgRT (Fig. 3A; bottom graphs). In one case, circulating lym-
phocytes declined steadily from 450 to 189 x 10° cells/L over 6 years
with IgRT as the only deliberate therapeutic maneuver (Fig. 3A; right
bottom graph, Pt. SS).

These different response patterns appeared to be associated with the
magnitude of IgG level achieved with IgRT. In patients with apparent
disease progression despite IgRT, IgG levels only increased into the
6-7 g/L range (Fig. 3A; top graphs). In patients on IgRT with apparently
better disease control, IgG levels were maintained above 12 g/L (Fig. 3A;
bottom graphs).

Given the apparent relationship of IgG to plasma TNF« (Fig. 2A), a
panel of cytokines was measured in plasma samples of CLL patients
that had incidentally been collected before and after commencing
IgRT. Timing of the collections in relation to starting IgRT was not stan-
dardized as they had been obtained for other purposes over a three-year
period. However, of the 11 paired samples available for analysis, TNFo
levels increased after starting IgRT when replacement IgG levels were
<9 g/L (Fig. 3B; left panel) but decreased in one patient when IgG levels
reached >9 g/L (Fig. 3B; right panel). IL10 levels also increased in pa-
tients whose IgG levels were increased only below 9 g/L (Supplementa-
ry Fig. 1).

Due to the paucity of paired samples that had been cryopreserved
and could be used to measure cytokines, the analysis was extended to
include patients on IgRT with records of simultaneous IgG and p2M
measurements (Fig. 3C). The rationale was that 32M levels are reduced
by cytokine-signaling inhibitors and may serve as a partial surrogate for
cytokine activity in CLL [3,16,45]. Sixteen patients were identified with
IgG levels, measured within a few months of starting IgRT, that did
not reach 9 g/L and five patients were identified with levels that became
>9 g/L. Remarkably, serum (32M increased in the former group but de-
clined in the latter (Fig. 3C). The average increase was 0.934-0.18 ug/L
if IgG levels remained below 9 g/L but declined by 0.424-0.13 pg/L if
IgG levels were above 9 g/L (Fig. 3D). Taken together, these observations
suggested target IgG levels above those that prevent infections [48]
might have anti-leukemia activity as indicated by lowered TNFa and
[B2M levels.

3.6. Dose-dependent effects of SCIG on B cell-receptor-mediated CLL cell ac-
tivation in vitro

The effect of different concentrations of the SCIG preparation
Hizentra® on the activation of CLL cells was studied in vitro to try to un-
derstand why higher doses of IgRT might have a beneficial effect on the
clinical course. Growth of CLL cells is thought to be driven mainly by sig-
nals from B cell receptors (BCRs) or toll-like receptors (TLRs), with clin-
ically aggressive CLL cells responding more strongly to antigens and
TLR-ligands [8,27,44]. The NF<B pathway conveys signals from both re-
ceptor types [27] and induces CD83 on the cell surface, which can be
measured by flow cytometry to provide a simple readout of BCR- and
TLR-activation [41]. As shown in the example in Fig. 4A, BCR-cross-
linking with anti-IgM Fab fragments up-regulated CD83 (Fig. 4A; com-
pare first and third panels from left). Hizentra® at 15 g/L strongly
decreased CD83 expression, suggesting BCR-activation was inhibited
(Fig. 4A; compare third and fourth panels from left). TLR7-signaling in-
duced by Resiquimod caused significantly higher CD83 expression and
was not inhibited as strongly by this dose of Hizentra® (Fig. 4A; com-
pare fifth and sixth panels from left).

Based on these observations, the effects of Hizentra® on BCR-
activation were studied in more detail in 25 additional patient samples,
using final concentrations of 4 and 15 g/L to represent extremes of
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Fig. 3. Plasma TNFa and 32-microglobulin (p2M) changes in CLL patients following institution of Ig replacement therapy. A. Examples of time courses of IgG and 32M levels along with
lymphocyte numbers following institution of IgRT to IgG levels of ~ 6 g/L (upper panels) or 12 g/L (lower panels). B,C. TNFa levels were measured in plasma samples collected incidentally
from 11 patients over a 3 year period (2015-17) prior to and at varying times after starting IVIG or Hizentra (B). 32M levels before and after starting IgRT were taken from the clinical
records from these and an additional 10 patients (C). The time between the two plasma collections for each patient is indicated in the figure legends. Patient samples were grouped
according to IgG level achieved by IgRT at time of sample collection, using 9 g/L as a cut-off. D. Summary graph of average change in serum [32M for each group indicating an IgG level

>9 g/Lis significantly associated with a lowering of 32M levels. *, p < 0.05.

normal IgG values. Results for individual samples are shown in the left
panel and summarized on the right (Fig. 4B). Hizentra® did not affect
BCR-activation at 4 g/L but inhibited it significantly at 15 g/L (Fig. 4B).
BCR-cross-linking causes rapid phosphorylation of BCR-associated
signaling molecules, particularly in the phospholipase C-y2 (PLC-7)
and phosphoinositol-3-kinase (PI3K)/AKT pathways [46]. The effects

of different concentrations of Hizentra on BCR-mediated phosphoryla-
tion of AKT and PLC-y were examined by immunoblotting in 9 patient
samples (Fig. 4D-F). Consistent with the in vivo observations (Fig. 3),
Hizentra at 10 g/L often inhibited AKT and PLC-y-phosphorylation
(Fig. 4D-F). Consistent with the flow cytometric assay (Fig. 4B), the
AKT-pathway was inhibited significantly by Hizentra at15 g/L.
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3.7. Dose-dependent effect of Hizentra® on cytokine production by activat-
ed CLL cells

As the BCR-transcriptional program includes chemokine, cytokine,
and growth factor genes, the effect of Hizentra® on 42 different proteins
in culture supernatants from 4 different purified CLL cell samples acti-
vated by IgM-cross-linking was determined after 48 h (Supplementary
Fig. 2). TNFo, PDGF-AA, CCL4 and CCL5 were especially changed by
Hizentra®, which inhibited their spontaneous release in all patient sam-
ples and BCR-mediated production from most samples (Supplementary
Fig. 2).

Given the effect on TNFa (Supplementary Fig. 2) and its importance
in CLL [12], the consequences for TFNa production of different concen-
trations of Hizentra® were measured specifically in 10 additional pa-
tient samples. Results for individual samples are shown in Fig. 5A and
summarized in Fig. 5B. High concentrations of Hizentra® (15 g/L)
inhibited spontaneous and anti-IgM-mediated TNFo production more
than low concentrations. TNFa production was even increased by low
Hizentra® concentrations (5 g/L) (Fig. 5A) in some CLL samples that
spontaneously made >38 pg/ml of TNFo. Such cells were designated
“Group 1” cells. Patient samples with lower spontaneous TNFo produc-
tion (<38 pg/ml) were designated “Group 2" cells. Group 2 cells were
more sensitive to either Hizentra® concentration and high concentra-
tions (15 g/L) reduced TNFa production from activated cells almost to
background levels (Fig. 5A; bottom panel, Fig. 5B).

3.8. Additive effects of Ibrutinib and Hizentra®

The above results (Supplementary Fig. 2, Fig. 5A,B) suggested spon-
taneous and BCR-activated production of TNFa by CLL cells could be
inhibited by SCIG. The Bruton's tyrosine kinase (BTK) inhibitor Ibrutinib
also lowers TNFa levels in CLL patients [34]. To determine if Hizentra®
might inhibit BTK as well, the effect of combining Hizentra® and
Ibrutinib on TNFa production by BCR-activated CLL cells was examined
in two patient samples (Fig. 5C). As before (Supplementary Fig. 2,
Fig. 5A,B), Hizentra® inhibited spontaneous and BCR-activated TNFa
production, especially at 15 g/L (Fig. 5C, white bars). Ibrutinib strongly
inhibited TNFa production in the presence and absence of Ig-cross-
linking. Hizentra® increased the inhibitory effect of Ibrutinib (Fig. 5C),
suggesting it acted through mechanisms other than inhibiting BTK.

3.9. Effect of Hizentra® on activated CLL cell death in vitro

CLL cells undergo spontaneous death, especially in serum-
containing media [20,23], that can be prevented by signals through
the BCR (Fig. 6A; compare first and second panels from the left).
Hizentra® had variable effects on spontaneous and activated cell
death that also appeared to be related to baseline production of TNFa.
Examples are shown in Fig. 6A and the results are summarized in
Fig. 6B. In “Group 1” samples with spontaneous TNFa secretion >38
pg/ml, Hizentra® had little effect on death and even appeared to in-
crease relative survival (i.e. percent 7AAD™ cells in the presence of
anti-IgM and/or Hizentra® divided by percent 7AAD™ cells in control
cultures) (Fig. 6A; top panels and Fig. 6B; white bars). In contrast,
Hizentra® increased the death of “Group 2” CLL cells with low sponta-
neous release of TNFa (<38 pg/ml) independent of Ig-cross-linking
(Fig. 6A; bottom panel, Fig. 6B; black bars).

4. Discussion

The observations in this manuscript suggest: 1. IgG, IgA, and IgM
levels fall steadily over time except in CLL patients with truly indolent
disease. Rates of decline are faster for patients with aggressive disease
who will require treatment (Fig. 1). 2. Plasma TNFo levels are inversely
correlated with IgG (Fig. 2A). 3. IgRT that achieves IgG levels >9 g/L s as-
sociated with biochemical evidence of disease control in vivo (Fig. 3). 4.

IgG concentrations at the upper limit of normal (over 10 g/L) inhibit
BCR-activation and TNFa production and can increase cell death
in vitro (Figs. 4, 5, 6A), especially in CLL cells with low spontaneous pro-
duction of TNFa.

Except for patients who will never need treatment, the fact that
Ig levels appear to decline in a coordinated manner (Fig. 1) suggests
many patients will have experienced significant deterioration from
normal by the time they receive a diagnosis of CLL. Such patients
may then have “relative” hypogammaglobulinemia despite Ig levels
in the low-normal range (Fig. 2B). Low IgM levels in many CLL pa-
tients at diagnosis (Fig. 2B) may not be a selective deficiency but
simply reflect the narrow normal range for I[gM compared to IgA
and IgG, making it easier to decline below the lower limit. The rate
of decline of Ig levels (Fig. 1C) might have prognostic importance
in the practical management of CLL patients, much like the lympho-
cyte doubling time (LDT) [31].

The etiology of hypogammaglobulinemia in CLL is multi-factorial
and has been ascribed to various mechanisms including defective helper
T cell function and Fas-mediated killing of plasma cells by CLL cells
[9,10,21,38]. The main source of immunoglobulin in CLL patients is nor-
mal B cells as paraproteins are not routinely made by CLL cells [28].
However, numbers of normal B cells, defined as CD19"CD5~ blood lym-
phocytes, did not exhibit an obvious relationship with Ig levels at the
time of the CLL diagnosis (Supplementary Fig. 3). The observation of a
parallel decline in all three Ig classes (Fig. 1) suggests a major defect
may occur at the transitional stage of B cell development [42]. Transi-
tional cells exit the bone marrow to develop in the periphery and ulti-
mately give rise to memory and plasma cells that make all classes of
immunoglobulins. Studies based on quantifying kappa-deleting recom-
bination excision circles (KRECs) concluded newly produced B lympho-
cytes are deficient even at early clinical stages of CLL [33]. It is not clear
why transitional B cells should be impaired in the bone marrow of CLL
patients. TNFa can inhibit human B cell development at the transitional
stage [26] and the results in Fig. 2A suggest plasma TNFa correlates in-
versely with IgG in CLL patients. While TNFa in blood may originate
from other cells and the correlation may simply reflect higher levels in
patients with more advanced disease that independently develop
hypogammaglobulinemia [12], perhaps bone marrow CLL cells that se-
crete TNFa suppress B cell development in the manner of senescent B
cells that make TNFa and are implicated in the humoral immunodefi-
ciency of aging [36].

IgRT is prescribed for patients with hypogammaglobulinemia and a
history of infections because it can prevent subsequent ones [15,48].
The dose of IVIG or SCIG for secondary immunodeficiency is generally
the equivalent of 0.4 g/kg/month but can be titrated upward in the
event of breakthrough infections ([4,5]; [1]). It is not clear if this dose
is optimal for CLL patients. A review of local patient records suggests a
replacement dose of 0.4 g/kg/month usually limits IgG trough levels to
the low-normal range (i.e. 6-8 g/L) (Fig. 3), which is associated with ev-
idence of biochemical progression (Fig. 3A,C) and increased plasma
TNFa (Fig. 3B). However, endogenous IgG levels that remain above 8
g/L are associated with an indolent clinical course (Fig. 1E) and mainte-
nance of IgG levels in the high-normal range (9-12 g/L) with IgRT in the
absence of a paraprotein is associated with biochemical evidence of dis-
ease control (Fig. 3C,D).

An explanation for these clinical findings is provided by the observa-
tions that IgG at sufficiently high concentrations inhibits BCR-activation
and cytokine production and sometimes kills CLL cells in vitro (Fig. 4-6).
In addition to inhibiting antigen-driven BCR-signaling represented by
Ig-cross-linking (Fig. 4), IgRT may also affect antigen-independent
cell-autonomous BCR-signaling that has been implicated in the patho-
genesis of CLL ([11]; [30]). Hizentra inhibited spontaneous release of
TNFa by CLL cells (Supplementary Fig. 2; Fig. 5) that is ibrutinib-
sensitive (Fig. 5C) and may be due to autonomous BCR-signaling.
Given that BCR-signaling drives CLL progression [8], these results sug-
gest maintaining plasma IgG levels near 15 g/L with higher doses of
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Fig. 5. Hizentra inhibits TNFo production by resting and activated CLL cells in a dose- and disease subtype-dependent manner. TNFa was measured in the supernatants of cultures of CLL
cells treated with or without anti-IgM antibodies in the presence or absence of Hizentra (5 or 15 g/L final concentration) (A,B) and the presence or absence of the BTK-inhibitor Ibrutinib
(500 nM) (C). A.Individual results for 10 patient samples are graphed, grouped on the basis of spontaneous TNFa production of more or <38 pg/ml. B. TNFa levels in cultures of control and
activated CLL cells in the presence of Hizentra were divided by the amounts in the control cultures without Hizentra. Averages and standard errors for each group are shown and indicate
that 15 g/L Hizentra is more effective at preventing TNFo-production, especially by group 2 cells. C. Results in the presence of both Hizentra and Ibrutinib are shown for two patient
samples. *, p <.05; **, p<.01.
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IgRT may have anti-tumor activity. Indeed, it was shown almost 35
years ago that IVIG did have an anti-CLL effect when administered
every 3 weeks, which would lead to higher trough levels than a conven-
tional modern schedule of every 4 weeks [6]. [gG concentrations below

8 g/L that are associated with disease progression (Fig. 1E, Fig. 3) can
sometimes even increase AKT- and PLCy-phosphorylation (Fig. 4D,E),
cytokine production (Fig. 5) and survival of activated CLL cells in vitro
(Fig. 6), consistent with a tumor-promoting effect.
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Why some patients attain higher IgG levels than others with the
same dosing strategy (Fig. 3) is unclear. Patient SS (Fig. 3A, right lower
graph) was maintained on IVIG but other patients with trough levels
higher than 9 g/L (Fig. 3A,B,C) were using SCIG. One possibility is that
CLL cells bind IgG and lower free IgG levels in the blood. In this case, cir-
culating CLL numbers should correlate inversely with IgG levels
achieved by IgRT. However, changes in IgG levels following institution
of IgRT did not exhibit an obvious relationship with blood lymphocytes
(Supplementary Fig. 4). Potentially such variables as patient technique
or decreased clearance of injected IgG molecules account for these
variations.

The mechanism by which high IgG concentrations inhibit BCR-
signaling in CLL cells is unclear. In normal human B cells, IVIG can
bind the inhibitory Fc receptor CD32B, which recruits phosphatases
such as SHIP-1 to prevent BCR-mediated activation of kinase cascades
[40]. CD32B is the only Fc receptor expressed by CLL cells [7]. Consistent
with this, the CD32 antibody AT10 [37] partially reversed the inhibitory
effects of Hizentra at 15 g/L on BCR-mediated expression of CD83 in
some patients (Supplementary Fig. 5). IgRT formulations also contain
sialyated IgG proteins that can potentially bind CD22 on CLL cells and
down-regulate BCR-signaling as described in normal human B cells
([39D).

While inhibition of BCR-signaling provides a plausible mechanism
to justify using higher doses of IgRT, the effects likely also depend on
the underlying biology of the CLL cells. For example, Group 2 CLL
cells that produce little spontaneous TNFa appear to be more sensi-
tive to IgRT than group 1 cells that make more spontaneous TNFa as
suggested by greater inhibition of BCR-mediated TNFa-production
and death in vitro (Figs. 5, 6). However, the ability of these in vitro
assays to predict subsequent responses to high-dose IgRT in vivo is
not clear. It is also not clear if conventional prognostic factors can
predict responses to IgRT. Patients classified as “<9 g/L” or “<9 g/L”
(Fig. 3B,C) were not obviously different in terms of these factors. Al-
though it has been reported that lack of spontaneous production of
TNFa by CLL cells is associated with clinically aggressive behavior
[13,18,22], there are no obvious clinical characteristics that distin-
guish group 1 and group 2 patients (Figs. 5, 6), possibly due to the
cut-off used for the classification. Studies with more patient samples
and a prospective clinical trial are needed to determine if these
in vitro assays and conventional prognostic and biologic properties
of CLL cells can determine if some patients are more appropriate to
receive high-dose IgRT than others.

Taken together, these observations suggest a model whereby pro-
gressive hypogammaglobulinemia in CLL patients constitutes a “feed-
forward” oncogenic event by removing inhibitory effects on BCR-
signaling once IgG levels fall below 8 g/L (Figs. 1, 3, 6C). This effect of
the humoral immunodeficiency may be compounded by gut microbial
products such as endotoxin that can leak through the intestinal wall
and drive the growth of CLL cells by activating TLRs and BCRs, as de-
scribed in common variable immunoglobulin deficiency patients [2].
Accordingly, institution of IgRT (either IVIG or SCIG) to maintain IgG
levels near 15 g/L in CLL patients on a “watch and wait” management
strategy whose IgG levels have fallen below 8 g/L (Fig. 1E) may have dis-
ease modifying activity resembling other BCR-signaling inhibitors such
as Ibrutinib in some patients (Figs. 5, 6). This conclusion is limited by
the retrospective nature of the study. For example, failure to reach IgG
levels above 9 g/L with conventional Ig replacement in some patients
may simply reflect rapid catabolism of IgG and represent an epiphe-
nomena of more aggressive disease that is independent of the IgG
level. A randomized prospective interventional clinical trial with Ig re-
placement dosed to IgG target level is needed to confirm the potential
importance of maintaining high IgG levels in CLL patients. Note that in-
creased toxicity from high IgG levels for prolonged periods of time in
CLL patients is not anticipated based on the tolerability of maintenance
therapies in neurological diseases that use doses of 1 g/kg administered
every three weeks [24].
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